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Abstract 
The Paris Agreement was formed in 2015 to reduce the environmental impact and limit the increase in temperature 
to 2°C compared to pre-industrial levels. It is believed that an electrification of the transport sector will reduce its 
negative environmental impact. To reach the goals set by the Paris Agreement we are in need of quick development 
towards an electrified fleet of vehicles. Despite this urgency electric vehicles (EVs) have failed to reach the 
majority of the market, instead it has stuck in the chasm between the early adopters and the early majority of the 
markets. This is due to three main challenges; EVs are relatively expensive compared to conventional petrol- and 
diesel-powered vehicles, EVs have an inadequate driving range, and the access to a functional charging 
infrastructure is limited.  
 
This thesis focuses on the third challenge regarding charging infrastructure. The charging infrastructure is 
dependent on the existing electricity distribution infrastructure, i.e. the grid. It is rather time-consuming and costly 
to strengthen the grid, which is deemed necessary for enabling a roll-out of a charging infrastructure that meets 
the needs of current and near-future EV operators. This research provides an alternative way of approaching the 
issues. Instead of strengthening the grid by digging up old cables it looks into the opportunities of incorporating 
stationary battery storages as a buffer between the EV charging stations and the grid connection point. This battery 
solution can reduce the power outtake and smoothen out the load from EV charging, thus limiting the impact of 
EV charging from a grid perspective.  
 
The research assesses what type of pathways this solution could follow to successfully drive the adoption of EVs. 
Furthermore, the study tries to understand how these solutions could be designed to deliver the necessary values 
regarding EV charging and reducing the overall power outtake from grid connection points. The thesis is carried 
out by analyzing collected quantitative and qualitative data through the lens of three main theories. These are 
transition theory, theory on eco-innovations, and theory on the diffusion of innovations.  
 
The thesis finds that the two pathways for a battery supported charging infrastructure that will be most efficient in 
speeding up the adoption rate of EVs is within a workplace and public charging setting in city and urban 
environments. For both pathways it is expected that a centralized concept, with one battery solution connected to 
several charging points, will be most feasible in the short-term, which is important as the need for developments 
are very urgent. The workplace charging will provide 3,6 kW AC-charging while the public charging provides 
150 kW DC-charging.  
 
The solution is expected to be cost-efficient for specific locations, especially for public charging in city 
environments with strained grid infrastructures. The study provides an initial assessment for the city of Stockholm 
which indicates that the power outtake can be reduced by 63,5–112,2 MW in 2030. This means that the current 
grid infrastructure could support a larger number of EVs, thus reducing the greenhouse-gas emissions from the 
transport sector and bringing us closer to reaching the goals set by the Paris Agreement.  
 
Key-words:  Electric vehicles, EV, EV adoption, grid, charging infrastructure, electricity distribution 
infrastructure, transition theory, MLP, diffusion of innovations, eco-innovation 
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Sammanfattning 
Parisavtalet utformades år 2015 för att reducera vår klimatpåverkan och begränsa temperaturökningen till 2°C 
jämfört med nivåerna som rådde innan den industriella revolutionen. Förhoppningen är att en elektrifiering av 
transportsektorn kan reducera dess negativa klimatpåverkan. För att nå målen i Parisavtalet behövs en snabb 
omställning mot en elektrifiering av fordonsflottan. Trots situationens brådskande karaktär har elbilar fastnat i en 
klyfta mellan den begränsade tidiga marknaden och den sena marknaden, vilken utgör majoriteten av kunderna. 
Det finns tre primära anledningar till detta; elbilar är dyra jämfört med bensin- och dieseldrivna bilar, räckvidden 
för elbilar är otillräcklig, och det råder begränsad tillgång till en funktionell laddinfrastruktur.  
 
Den här studien fokuserar på den tredje anledningen kring otillräcklig laddinfrastruktur. Laddinfrastrukturen är 
beroende av det existerande elnätet och dess distributionskapacitet. En förstärkning av elnätet är i många fall 
nödvändig för att möjliggöra en utrullning av en laddinfrastruktur som möter dagens och morgondagens behov. 
Istället för att förstärka elnätet genom att gräva ner tjockare kablar så fokuserar denna studie på en alternativ 
lösning kring laddinfrastruktur sammankopplat med stationära batterilager. Batterilagret agerar som en buffert 
mellan anslutningspunkten till elnätet och laddningspunkten för elbilar. Genom att reducera effektuttaget och 
jämna ut lastkurvan för elbilsladdning kan en batterilösning begränsa den negativa påverkan det förväntas ha på 
elnätet.  
 
Studien undersöker vilka vägar denna batterilösning kan ta för att öka antalet elbilar i fordonsflottan. Efter att ha 
förstått vilka dessa lösningsvägar är så analyserar studien hur dessa lösningar kan vara uppbyggda för att erbjuda 
de efterfrågade och nödvändiga värdena för elbilsladdning och elnätets fortsatta funktionalitet. Studien bygger på 
analys av kvalitativa och kvantitativa data. Analysen utförs genom att applicera koncept hämtade från teorier kring 
teknologiska övergångar, miljöinnovationer och spridning av innovationer.    
 
De två lösningsområden som förväntas vara mest effektiva i att driva en ökning av antalet elbilar i Sverige är 
arbetsplatsladdning samt offentlig laddning i stadsmiljöer. En lösning med ett centraliserat batterisystem där en 
batterilösning är kopplat till flera laddstationer antas vara mest genomförbar på kort sikt, vilket anses vara centralt 
på grund av utmaningarnas brådskande karaktär. För arbetsplatsladdning tillhandahålls 3,6 kW AC-laddning och 
för offentlig laddning tillhandahålls 150 kW DC-laddning.  
 
Lösningarna förväntas vara kostnadseffektiva for specifika platser och användarprofiler, speciellt för offentlig 
laddning i stadsområden med ansträngda elnät. En initial uppskattning visar att en laddinfrastruktur kopplat till 
stationära batterilager inom de två lösningsområdena kan minska Stockholms effektuttag för elbilsladdning med 
63,5–112,2 MW år 2030. Detta betyder att dagens elnät kan tillgodose ett ökat antal elbilar, vilka genererar färre 
utsläpp av växthusgaser och ger oss en bättre chans att nå Parisavtalets mål.  
 

Nyckelord: Elbilar, EV, adoption av elbilar, elnät, laddningsinfrastruktur, eldistribution teknologiska 
övergångar, MLP, spridning av innovationer, miljöinnovationer 
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1. Introduction 
This chapter introduces the overall topic of the master thesis. The purpose of the research is 
described and followed by the specific research questions. Lastly, the structure of the thesis is 
outlined.  
 

1.1. Background 
In 2015 the Paris Agreement was formed, aiming to reduce the impacts of climate change by 
holding the increase in global average temperature to well below 2°C above pre-industrial 
levels. This is to be done by reducing the greenhouse gas emissions (United Nations, 2015). 
For Sweden to reach this goal emissions should be lowered by 40% by 2030 compared to 
emission levels in 1990 (Prop. 2016/17:16, 2016). An important sector to address when it comes 
to greenhouse gas emissions is the transport sector. Globally, the transport sector is responsible 
for 23 % of CO2 emissions. Of those 23%, road transportation accounts for 71% (Erixon, 2017).  
 
Eco-innovations will help in reducing the environmental impact from the transport sector. Eco-
innovations refer to a wide range of innovations, for example renewable energy technologies, 
pollution prevention schemes, waste management equipment, green financial products and 
biological agriculture (Arundel & Kemp, 2009). Kemp and Pearson define eco-innovations as 
“the production, assimilation or exploitation of a product, production process, service or 
management or business method that is novel to the organisation (developing or adopting it) 
and which results, throughout its life cycle, in a reduction of environmental risk, pollution and 
other negative impacts of resources use (including energy use) compared to relevant 
alternatives.” (Kemp & Pearson, 2007). In a more recent definition by the Organisation for 
Economic Co-operation and Development (OECD) eco-innovations are defined as “the 
implementation of new, or significantly improved, products (goods and services), processes, 
marketing methods, organisational structures and institutional arrangements which, with or 
without intent, lead to environmental improvements compared to relevant alternatives” 
(OECD, 2009). As the definitions imply a lot of different innovations are covered under the 
eco-innovations umbrella. To understand how renewable technologies and services (eco-
innovations) can be successful they can be studied together with theories on diffusion of 
innovation. Thus far relatively few researchers have studied eco-innovations together with 
Everett Rogers theories on diffusion on innovations (Karakaya, Hidalgo, & Nuur, 2014).  
 
Rogers defines diffusion as “the process by which an innovation is communicated through 
certain channels over time among the members of a social system” (Rogers, 1983, p. 5). This 
quote is divided into four elements of diffusion: innovation, communication channel(s), time, 
and the social system. The first element, innovation, is described as an idea, a practice or an 
object that is perceived as new by an individual. The second element, communication 
channel(s), is the means by which messages get from one individual to another. This can be 
done in many different ways and is connected to the third element, time. The change of how an 
individual sees the innovation changes over time. At first you gain knowledge of the innovation, 
then you form an attitude toward it. Your attitude then determines whether you adopt or reject 
the innovation. The fourth and final element, the social system, is a set of interrelated units that 
jointly performs problem solving to accomplish a goal. This social system determines the rate 
of adoption of the innovation (Karakaya, Hidalgo, & Nuur, 2014). Rogers came up with 
different categories for the adopters based on their time of adoption. These categories are: 
innovators, early adopters, early majority, late majority and laggards (Rogers, 1983, p. 22). 



  

  2 

He also rated innovations based on their relative advantage, compatibility, complexity, 
trialability and observability (Rogers, 1983, pp. 15-16). 
 
The diffusion of eco-innovations is of interest for the electrification of the transport sector. The 
top three barriers for electric vehicle (EV) adoption are: price, driving range and not enough 
access to efficient charging stations (Engel, Hensley, Knupfer, & Sahdev, 2018). The main 
reason to why the price is high for EVs is due to the costly battery packs. However, large scale 
manufacturing of EVs and batteries together with increasing energy densities for batteries will 
drive down cost, reaching price parity with internal combustion engine (ICE) vehicles by 2025 
in Europe (Soulopoulos, 2017). The other two barriers can be mitigated by a well-functioning 
charging infrastructure. By addressing the issues and barriers related to the charging 
infrastructure we can expect a quicker diffusion of the eco-innovations around electrifying the 
transport sector and reducing its impact on the climate crisis. Right now, the barriers for EVs 
are slowing down the rate of adoption. In this study, the EV is seen as the eco-innovation that 
is trying to reach a major market share. A functional charging infrastructure is an additional 
innovation that can act as a catalyst for a widespread adoption of EVs.  
 
A functional charging infrastructure is dependent on the existing electricity distribution system. 
To understand and analyze the interplay between existing systems and new systems transition 
theory will be utilized in this study. Certain dominant designs can come up within socio-
technical regimes and since there is a certain level of inertia within existing systems and 
structures there can be mismatches between current structures and new innovations and 
technologies. This ties back to the theory on diffusion of innovations as Geels’ multi-level 
perspective (MLP) framework studies how and why novel technological innovations can be 
adapted by a socio-technical regime. (Geels, 2002) The MLP framework is based on the concept 
of technological regimes within which certain technological trajectories are developed (Nelson 
& Winter, 1982). A technological regime provides the rule-set for innovations, leading to 
incremental innovations along the technological trajectory (Rip & Kemp, 1998) In this research 
the current electricity distribution system and ICE vehicles are the dominant designs which are 
being challenged by an increasing awareness of the emissions related to the transport sector as 
well as the introduction of EVs and EV charging.  
 

1.2. Electric vehicle trends and market developments 
Many believe that an electrification of the transport sector will play a major role in lowering 
the transport sector’s impact regarding greenhouse gas emissions, noise pollution, etc. This is 
indicated by the global sales growth of EVs. In 2017 global EV sales registered a year-on-year 
increase of 54%, reaching 1.1 million total units sold (IEA, 2018). Given the current trajectory 
total units sold will reach 4.5 million in 2020, accounting for 5% of the global light-vehicle 
market (Hertzke, Müller, Schenk, & Wu, 2018). This thesis is focused on Sweden, a country 
that strives to be one of the frontrunners in the quest for electrification and is expected to reach 
2.5 million chargeable vehicles by 2030 (see Figure 1). By 2035 it’s expected that 95% of all 
new car sales in Sweden will be full electric EVs while hybrid electric vehicles will disappear 
(see Figure 2) (Andersson & Kulin, 2019).  
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Figure 1 - Expected cumulative number of chargeable vehicles in Sweden. Blue represents full battery electric vehicles and 
orange represents plug-in hybrid electric vehicles (Andersson & Kulin, 2019)..  

 

 
Figure 2 - Expected market share of new car sales in Sweden. Blue represents full battery electric vehicles and orange 
represent plug-in hybrid electric vehicles (Andersson & Kulin, 2019). 

 
An electrification of the transport sector is expected to help in mitigating the impact of climate 
change since life cycle global warming emissions from EVs are on average about 50% lower 
than for gasoline cars (Nealer, Reichmuth, & Anair, 2015). What makes EVs more 
environmentally friendly is the operation. A battery electric vehicle (BEV) has an overall 
efficiency of 73%, meaning that 73% of the total energy input creates mechanical movement. 
This can be compared to an overall efficiency of 22% for hydrogen powered fuel cell vehicles 
and 13% for internal combustion engine (ICE) vehicles (Calvo Ambel, Earl, Kenny, Cornelis, 
& Sihvonen, 2017). However, in many cases the emissions from producing EVs are higher than 
for producing an ICE vehicle (Nealer, Reichmuth, & Anair, 2015). As production of battery 
cells is a very energy-intensive industry the emissions stemming from the production are 
heavily dependent on the energy mix at the location of the production (Chief Business 
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Development Officer, Northvolt). However, a lot of estimates do not consider the full value-
chain for gasoline that is used to power the ICE vehicles. In a recent study it was showed that 
between 15-40% of total well to wheel emissions for ICE vehicles occur during production, 
transportation and refining of crude oil into petroleum (Masnadi, et al., 2018), something that 
is often neglected when comparing value chain emissions for EVs and ICE vehicles.  
 
In addition to lowering emissions, an electrified transport sector can create other values as well. 
In a study performed by Sweco they quantify the monetary value of having an electrified vehicle 
fleet in the city of Gothenburg in Sweden (Lindén & Sahlén, 2018). Their study shows that the 
value of reducing carbon dioxide emissions can generate a value in the range of 0.5-1.6 billion 
SEK. Further, they estimate that a reduction of noise-pollution generates a value of 0.3-0.6 
billion SEK. The estimated value from reducing air pollution in the city is estimated to be just 
over 0.2 billion SEK. In total this amounts to an expected value between 1-2.4 billion SEK. 
(Lindén & Sahlén, 2018) The study shows the monetary values of lowering emissions and 
additional values of an electrified transportation sector for city environments as a result of 
removing negative externalities.  
 

1.3. Current situation and outlook 
Despite the many positive impacts of an electrified transport sector, it does bring along some 
complications and potential issues. Worldwide electricity demand is expected to rise by 60% 
to 2040 (all sectors) (IEA, 2017). This is coupled with the strive for higher shares of renewable 
energy sources, increasing the intermittency of the energy system (Kearns, 2017). A higher 
intermittency results in less resilience and reliability regarding power supply in the electricity 
grids around the world, potentially leading to a shortage of supply to meet the ever-growing 
demand. The expected large number of EVs will increase the demand for a functional and 
efficient charging infrastructure that works together with the existing electricity distribution 
system. Some research indicates that charging of EVs will not cause any major harm to the 
distribution system (Makkonen, 2013, p. 12; Ingvarsson, 2011). It is however pointed out that 
there are some issues with calculating the power outtake from EV charging as the discrepancy 
between energy and power is quite large (Ingvarsson, 2011). Today the outtake is measured on 
an hourly basis, meaning that a fast-charging session of around 10-15 minutes will not show 
any large increase in power for the given hour as we only measure the average for the full hour. 
This has been addressed in a recent study regarding public charging in Stockholm (Sonerud, 
2018). This study shows that one fast-charger of 350 kW is enough to overload the studied grid 
stations. Less powerful charging does not yield as severe results, but limitations of 
implementations are identified. The study suggests strengthening of the cables to increase the 
capacity to meet the expected boom of EVs in 2025 as well as putting a limit of a maximum of 
two charging clusters under the same grid station in Stockholm in 2030. (Sonerud, 2018)  
 
The issues within the Stockholm grid makes it an interesting case to study. Currently Stockholm 
is dependent on local electricity production within its grid during the winter months. A large 
portion of this electricity is produced by a coal-fired heat and electricity plant called Värtaverket 
in Värtahamnen. The reason why the capital of Sweden, a country with one of the greenest 
energy mixes in the world, relies on a coal-fired power plant for electricity production is 
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because the connection between Stockholm’s grid and the nationwide transmission grid is too 
weak. Additionally, it was recently decided that the part of Värtaverket that is coal-fired is to 
be decommissioned by 2022 (Stockholm Stad, 2018). Simultaneously, the Swedish 
transmission system operator (TSO), Svenska Kraftnät (SvK), plans to strengthen the 
connection points coming into the Stockholm grid by 2027 (Svenska Kraftnät, 2017). With the 
current situation in mind, these changes will lead to a shortage of electricity supply in 
Stockholm during the next decade (Heick, 2019). The shortage is likely to be even more severe 
due to the fact that Stockholm is the fastest growing capital in Europe (Stockholm Chamber of 
Commerce, 2018). The rapid population growth together with an increased number of EVs will 
potentially pose a threat to the security of electricity supply. Will Stockholm’s electricity grid 
be able to support a functional charging infrastructure in the coming years? 
 

1.4. Purpose 
EVs has struggled to reach a major market share since the late 1980s (Moore, 2014, p. 11), 
likely due to the barriers related to price, driving range and limited access to a functional 
charging infrastructure (Engel, Hensley, Knupfer, & Sahdev, 2018). The figure below describes 
the current situation and the purpose of the research.  
 

 
Figure 3 - Actors affecting the adoption of EVs within the scope of the research. 

The propulsion system of the EV (electric drive-train with batteries) is seen as a radical eco-
innovation. This eco-innovation reduces the environmental harm caused by vehicles, and in 
order to be functional a new charging infrastructure needs to be built to support the EVs. 
However, the current grid infrastructure was not built for supporting EV charging. The new 
developments, caused by the radical innovation, is exerting pressure and a demand for change 
from the current dominant design and technical system. The purpose of this research is to 
analyze how an incremental innovation in the form of a battery solution (Lithium-Ion) can 
alleviate the pressure on the current regime, i.e. ease the strain on the current grid infrastructure. 
When analyzing the concept of this innovation the perspective of the EV users and the major 
pain-points of the infrastructure will be studied.  
 
The main purpose of the research is to analyze how a battery supported charging infrastructure 
can support vehicle charging in a sustainable way from the system’s point of view. This means 
that the system’s ability to efficiently support charging of an increased number of EVs cannot 
risk the functionality and reliability of the electricity grid. The battery solution cannot reduce 
the energy needed for EV charging but it can move it in time and reduce the peak power outtake, 
thus acting as a buffer between the EV charging station and the grid connection point. The 
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research aims to investigate and explore where and how this solution could alleviate the most 
pain of the current grid infrastructure as well as providing an indication for what impact it would 
have.  
 

1.5. Research questions 
The purpose will be fulfilled by answering the following research questions: 

• RQ1: What are the pathways for battery supported electric vehicle charging that can 
drive the adoption rate of electric vehicles? 

• RQ2: How could the battery supported electric vehicle charging be designed in order 
to facilitate charging needs while limiting the peak power outtake from the grid for the 
identified pathways? 
 

1.6. Delimitations 
The research is focused on understanding the impact of battery (Lithium-Ion) supported EV 
charging solutions. With a higher share of renewables in the energy mix and an increasing 
number of power demanding EVs battery supported charging has been a talked about solution 
that’s expected to play a role in future electricity systems (Climate-Kic, 2019). There are other 
solutions for reducing the power outtake from the grid for EV charging, for example load 
balancing (Chargestorm, 2019) or increased local power production from solar or wind. These 
other solutions are not the primary focus of this research. Charging of light electric vehicles 
(LEVs) is targeted in this research. Thereby it is not focusing on heavy duty vehicles such as 
buses and trucks. The LEV market is assumed to be larger in scale and is more consumer-driven 
than the market for heavy duty vehicles.  
 
Due to the expected increase in number of LEVs, the Vehicle-to-grid technology (V2G) has 
become a popular topic in the EV debate. Despite the potential of the V2G concept it’s been 
criticized and deemed as something for future applications. One of the issues with the 
technology is that the batteries in the EVs would be cycled more when supporting the grid, 
increasing the stress on the batteries, leading to faster aging. This concern creates uncertainties 
for how the EV owners should be compensated for allowing their EV to support the grid (Deign, 
2018). Pilot studies have shown that monetary values can be captured by customers, primarily 
by acting on frequency markets (Randall, 2019). Despite the results from pilot studies critics 
point out that frequency markets can generate high value but run a risk of getting oversupplied 
since the markets are quite small as of today (Deign, 2018). As this topic is currently being 
heavily debated it is considered more of an opportunity for the future and is not considered in 
depth for the purpose of this study.  
 
The potential impact that a battery supported EV charging could have is studied from the 
perspective of Sweden in general and the city of Stockholm in particular. Even though the 
driving and charging patterns may vary greatly between individuals in different cities the entire 
market behavior is expected to be similar for larger clusters of EV fleets, meaning that a case 
study of one city could provide valuable insights regarding how the issue can be tackled for 
cities in other geographical locations.  
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The electricity system is complex in nature and many different aspects regarding the impact of 
a battery supported charging infrastructure can be studied. For this research the main focus lies 
on modelling the balance for two main parameters; energy (Wh) and power (W). The study will 
not provide any in-depth assessment of the potential of ancillary service markets as they are 
still rather undefined (Colthrope, 2017).  
 

1.7. Disposition of report 
The proceeding chapters of the thesis are outlined in the following way: 
 
Chapter 2 introduce the reader to the necessary information regarding EV charging. The more 
technology focused initial section is followed by an overview of the EV market in Sweden 
today. This section presents information regarding battery sizes of the vehicles as well as 
charging behaviors and driving patterns.  
 
Chapter 3 introduce the theoretical foundation and frameworks on which the research is based. 
The main topics that are discussed are transition theory, theory on eco-innovations and theory 
on diffusion of innovations.   
 
Chapter 4 describes the methodology of the research. The reader is introduced to the research 
design and the reasoning behind it. The outline of the pilot-study is described and leads into the 
description regarding the methodology for answering the research questions. This is followed 
by a detailed account of how the literature review was performed as well as how data was 
collected and analyzed. The chapter ends with a discussion regarding the reliability and validity 
of the research together with the ethical aspects that needs to be considered. 
 
Chapter 5 presents the findings of the research. The findings are presented within different 
patterns that have been identified. These patterns are charging behaviors and EV usage, grid 
impacts, public charging in Stockholm, battery dimensioning, components and design concepts, 
solution energy losses, and battery characteristics.  
 
Chapter 6 is where the analysis is performed, and the findings are discussed. Each research 
question has its own section and is discussed based on transition theory, theory on eco-
innovations and diffusion of innovations. Each section ends with a brief summary of the main 
points that are brought up. 
 
Chapter 7 concludes the research. It presents the answers to the research questions and discuss 
the implications of the study. Both academic and market impacts are discussed. Lastly, 
suggestions and areas of interest for further research are outlined.   
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2. Overview of the electric vehicle landscape 
There are three main levels of charging, divided into three different levels. This section will 
explore these technologies a bit further to gain a better understanding of their functionalities. 
Additionally, this section also describes the current Swedish fleet of EVs. Metrics regarding 
weighted average battery sizes for plug-in hybrid electric vehicles (PHEV) and BEVs together 
with different charging behaviors will be presented. The chapter ends with a review of current 
charging behaviors and trends in Sweden.  
 
2.1. Connector types 
This section gives an overview of the different connector types that EVs are equipped with. 
This helps in understanding what services a charging infrastructure needs to deliver. The four 
different types of connectors are Type 1, Type 2, CHAdeMo and Combo 2 (Höjevik, 2014). The 
first two are dedicated for alternating current (AC) charging, while the last two support direct 
current (DC) charging. DC charging enable higher power flows which shortens the charging 
time. Combo 2 is a global standard that many automakers have chosen to equip their vehicles 
with (see Figure 4). Some examples are Audi, BMW, Ford, GM, Porsche and Volkswagen 
(Höjevik, 2014).  
 

 
Figure 4 - Combo 2 connector (Höjevik, 2014). 

Currently about 65% of all chargeable vehicles in Sweden do not have an outlet for DC-
charging. This is largely due to the fact that roughly 75% of all chargeable vehicles are plug-in 
hybrids with smaller battery packs. These vehicles are usually not equipped with fast-charging. 
With the market trend expected to shift towards full electric BEVs this trend is also expected 
to shift, meaning that the majority of the vehicles will support fast-charging (Andersson & 
Kulin, 2019). 
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Figure 5 - Current share for each type of charger on Swedish market (Andersson & Kulin, 2019). 

The Tesla Supercharger connector is a Type 2 connector for DC-charging. However, Tesla 
recently announced that all their vehicles sold in Europe will be equipped with the European 
standard CCS Combo 2 connector (Tesla, 2019). Also, the European Union has decided that 
the European standard connectors will be Type 2 for normal-charging and Combo 2/CCS for 
fast-charging (Power Circle, 2019). 
 

2.2. Current electric vehicle fleet 
To understand the need for EV charging it is necessary to understand the composition of the 
current EV fleet and its capabilities. In December of 2018 there were a total of 68 553 EVs in 
Sweden. The total is made up of 19 271 BEVs (light vehicles and light trucks) and 49 282 
PHEVs. In Table 1 and Table 2 an overview of BEVs and PHEVs in Sweden is presented. The 
battery size/capacity along with total cumulative battery capacity and electricity consumption 
is presented for the most popular models in Sweden. The averages are weighted based on market 
share.  
 
Table 1 - Overview of Swedish fleet of BEVs in 2018, ordered by numbers of cars on the Swedish market. 

BEVs # 
Battery size 
[kWh] Total [kWh] 

Consumption 
[kWh/100 km] 

Nissan Leaf 3899 40                      155 960     17 
Tesla Models S 3659 100                      365 900     16 
Renault Zoe 3332 41                      136 612     16,8 
Renault Kangoo Z.E 1595 33                        52 635     16,5 
Tesla Model X 1096 100                      109 600     21,0 
BMW i3 1027 33,2                        34 096     13,1 
Volkswagen E-golf 1076 55                        59 180     12,7 
Nissan E-NV200 907 40                        36 280     25,9 
Volkswagen E-up! 646 32                        20 672     11,7 
Hyundai Ioniq BEV 537 28                        15 036   11,5 
Others 1497 50,2                        75 179     16,22 
Total/averages BEV 19271 55,1                   1 061 151    16,54 
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Table 2 - Overview of Swedish fleet of PHEVs in 2018, ordered by numbers of cars on the Swedish market. 

PHEVs # 
Battery size 
[kWh] Total [kWh] 

Consumption 
[KWh/100 km] 

Volkswagen Passat 
GTE 11 916 9,9                           117 968     13,2 
Mitsubishi Outlander 8747 12,0                           104 964     14,8 
KIA Optima PHEV 4164 11,3                             46 887     12,3 
Volvo V60 Plug-in 3757 11,2                             42 078     14,3 
KIA Niro PHEV 2866 8,9                             25 507     1,56 
Volvo XC60 2493 10,4                             25 927     17,8 
Volkswagen Golf GTE 1704 8,7                             14 825     11,6 
Toyota Prius PHEV 1575 8,8                             13 860     7,2 
Volvo XC90 PHEV 1561 9,0                             14 049     16,5 
BMW 330E 1527 7,6                             11 605     11,9 
Others 8972 9,8                             87 710     12,12 
Total PHEV 49282 10,25488641                           505 381     12,67 

 

2.3. Levels of charging 
The levels of charging are also useful for understanding what services a charging infrastructure 
needs to deliver. There are four modes of charging, which are listed and briefly described below.  
 
Mode 1: This type of charging utilizes a standard wall outlet for one-phase or three-phase (230 
VAC/400 VAC). Despite the maximum amperage being 16 A, the recommended limit is 10 A 
due to the lack of safety features controlling over-heating or ground faults (Höjevik, 2014). If 
the current is limited to 10 A and the line voltage is 230 VAC this type pf charging delivers 2,3 
kW. For plug-in electric vehicles (PHEVs) the weighted average battery size of the Swedish 
vehicle fleet is about 10 kWh (see Table 2), meaning this mode of charging could charge the 
PHEV battery in 4-5 hours. For battery electric vehicles (BEVs) the weighted average battery 
size is about 55 kWh (see Table 1). To charge the battery from 20% to 80% state of charge 
(SoC) takes roughly 14-15 hours. Mode 1 is usually utilized by lighter electric vehicles, for 
example electric scooters or mopeds (Vesa, 2016).      
 
Mode 2: This type of charging utilizes one-phase and three-phase (230 VAC/400 VAC) 
connections to the grid. For this type of charging the security is increased by adding a control 
unit attached to the charging cable. The charging control sends data between the control unit 
and the vehicle. The control unit needs to monitor if the vehicle is connected correctly, surveil 
potential earth (PE) and control whether the current is on or off. The maximum amperage for 
mode 2 charging is 32 A. (Höjevik, 2014) If a one-phase connection is utilized with a line 
voltage of 230 VAC the solutions can deliver 7,4 kW at 32 A. This would charge the average 
PHEV in 1-1,5 hours and the average BEV in abut 7-8 hours.  
 
Mode 3: This is the safest way of AC-charging and is connected through one-phase or three-
phase (230 VAC/400 VAC) to the grid. This type of charging utilizes an intelligent charging 
station or wall box that communicates with the vehicle continuously throughout the duration of 
the charging. Similar to mode 2 charging the mode 3 solution needs to monitor if the vehicle is 
connected correctly, surveil PE and control the on and off switching of the current. Mode 3 
charging allows currents of up to 63 A. However, as it is AC charging the on-board charger of 
the vehicle sets the limit for the charging current. Most PHEVs are equipped with less powerful 
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on-board chargers, meaning they cannot make use of the full capacity of more powerful Mode 
3 chargers. (Höjevik, 2014) For a three-phase solution this mode of charging can deliver 43,5 
kW of charging power, charging a compatible BEV in 1-1,5 hours.  
 
Mode 4: This level is called fast-charging and utilizes direct current (DC), enabling the battery 
pack of the vehicle to be directly connected to the stationary charging point, meaning that the 
solution can surpass the on-board charger of the vehicle. Instead the converter is placed in the 
charging station which then communicates directly with the battery management system (BMS) 
of the vehicle’s battery pack. This technology enables a charging power of up to 350 kW (ABB, 
2018). Except for this the functionality is similar to mode 3 charging (Höjevik, 2014). An 
average BEV can be charged in less than half an hour with this charging solution.  
 
Recent developments have been made regarding DC ultra-fast charging. For example, Tritium 
is launching a charging station that can deliver 475 kW of charging (Kane, 2018). Charging 
solutions like these could drastically reduce the charging time for EVs. However, the charging 
station needs to adapt to the battery’s voltage level and key performance data required for 
charging needs to be exchanged between the vehicle and the charging station (charging state, 
charging voltage, maximum charging current) (ZVEI: Die Elektroindustrie, 2013). The battery 
pack is built to operate within certain voltage and amperage limits to ensure its state of health 
(SoH) and to slow down the aging process. If the battery is charged at voltage levels that are 
too high there is a risk of having unwanted chemical reactions take place in the battery cells. If 
the cells are charged at currents that are too high there are safety risks primarily connected to 
overheating. As of now most EVs utilize cylindrical battery cells and the packs have around 96 
cells in series, building up a total voltage of about 400 V. The recently launched Porsche 
mission-E has chosen to have a configuration that is similar to more heavy-duty vehicles such 
as trucks and buses. In this configuration the number of cells that are connected in series in the 
battery pack is doubled, consequently doubling the voltage level and thereby enabling faster 
charging1. Apart from changing the configuration of the cells the voltage of each individual cell 
can be increased to yield a higher voltage level for the entire pack (Electrical Design Engineer, 
Northvolt; Frenzel, 2018).   
 
 
 
 
 
 
 
 
 
 
 
 

                                                
1 Higher voltage allows lower currents, which reduce the risk of overheating.  
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2.4. EV charging trends and developments 
 

 
Figure 6 - Percentage splits of total energy charged in the Unites States, European Union and China in 2020 and 2030 (Engel, 
Hensley, Knupfer, & Sahdev, 2018) 

 
Figure 7 - Percentage splits of total energy charged in the Unites States, European Union and China in 2020 and 2030 (Engel, 
Hensley, Knupfer, & Sahdev, 2018). 

In Figure 6Error! Reference source not found. and Figure 7 we see two different scenarios 
of where the EV charging is expected to take place in 2020 and 2030. The different major 
markets around the world are expected to have different types of charging demands. The U.S. 
market is made up of a lot of single-family homes with their own driveways, thereby enabling 
a lot of the energy to be charged at home, both in 2020 and 2030. Whereas the European and 
Chinese markets are expected to be more reliant on public charging in 2030 (in both scenarios). 
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The discrepancies between the different regions show how important demographics are in 
understanding the charging infrastructure needs. (Engel, Hensley, Knupfer, & Sahdev, 2018) 
 
A widespread EV adoption in Europe will result in a lot of EVs being owned by people living 
in multiple-family homes such as apartment buildings in urban areas that does not have access 
to private parking to the same extent as single-family homes, increasing the need for public 
alternatives. Another driver behind public charging is EV adoption in areas that are more 
densely populated. In dense urban areas EV owners are reliant on on-street parking and parking 
garages for parking their vehicles, meaning overnight charging at home is not an option. Further 
we can see that the energy that is charged on long-distance trips is quite low. This is reasonable 
as the majority of the trips are shorter and within the range that the EV can offer when fully or 
partly charged (Engel, Hensley, Knupfer, & Sahdev, 2018). Studies have showed that an 
increasing share of EV owners utilize public charging closer to home. This indicates that there 
is a growing demand for such solutions as existing and future EV owners have limited access 
to destination charging. (Nicholas & Hall, 2018) 
 
The city of Stockholm is working towards strengthening its public charging infrastructure. This 
work is propelled by targets of being fossil independent by 2030 and fossil free by 2040. To 
electrify the transport system the long-term goal for EV charging is that access to public 
charging should not hinder the transition towards a fossil independent vehicle fleet. The 
majority of the charging is expected to take place at home and the public charging infrastructure 
should act as a complementary service (Stockholm Stad, 2017). In order to not hinder the 
adoption of EVs it is expected that 15 000-25 000 public charging stations need to be installed 
in Stockholm by 2030. A more short-term goal is set at 1 500 charging stations by 2020 
(Stockholm Stad, 2017). This goal is set based on the expected number of EVs in Stockholm 
together with the European target guideline of one public charging station per ten EVs 
(European Union, 2014). There are some issues related to public charging stations. For 
example, parking spots that are longitudinal with the street should never be used for public 
charging. Usually these types of charging stations run a risk of blocking routes for cyclists and 
pedestrians. Also, the plug-in outlets of the EVs are located in different places depending on 
the car brand and model, possibly leading to cars parking against the direction of the road/street. 
Even though the city of Stockholm has put a lot of emphasis on public charging solutions they 
understand the importance of charging EVs when they are parked at home. They do not believe 
that the answer lies in mimicking the existing, fossil fuel based, infrastructure. (Stockholm Stad, 
2016) 
 
In 2017 the Royal Institute of Technology (KTH) released a quantitative study on usage profiles 
for several charging stations (both fast-charging and normal-charging) in and around the 
Stockholm area. For fast-charging the difference in total energy charged and number of 
charging sessions between the most popular and the least popular station is approximately of a 
factor 4. For the normal-charging stations the difference is approximately of a factor 40. 
Further, the report also shows that the total energy charged at the 7 studied fast-charging stations 
is roughly equal to the energy charged at the 253 studied normal-charging stations (Georén, 
Ling, & Langbroek, 2017). 
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3.  Literature review 
This chapter introduces the theoretical foundation on which the research is built. Theories on 
transitions, eco-innovations and diffusion of innovations are brought up and discussed. The 
chapter ends with a summary of the theories and clarifies how the theories are applied for the 
given research.  
 

3.1. Transition theory 
Theory on industrial transitions will help understanding the issues related to adoption of EVs. 
Abernathy and Utterback (1978) argue that units that handle large-scale processes and volumes 
are initiated by major technical innovations which are then developed and improved through 
smaller incremental innovations to enhance efficiency and output. For the high volumes and 
large-scale units, the flexibility is reduced as they get more entrenched within the current 
technology (due to large fixed cost and need for high volumes), becoming increasingly 
vulnerable to changed demand and technical obsolescence. The more radical and disruptive 
innovations cannot take place within these units as they run a high risk of being rejected. Instead 
these innovations are more likely to come up in or near affluent markets with tight connections 
to universities, research institutions and entrepreneurially oriented finance institutions. 
(Abernathy & Utterback, 1978)  
 
One example of transition theory and patterns of innovations is the ICE developments within 
Ford in the beginning of the twentieth century. In the years leading up to the launch of the 
renowned Model T they produced and sold five different types of engines, each having an 
individual purpose and concept. Out of this came a dominant design that was put in the Model 
T. Ford produced 2 million of the same type of engine over the next 15-year period. During this 
15-year period Ford incrementally improved the engine, but no fundamental changes were 
made. (Abernathy & Utterback, 1978)  
 
This introduce the concept of dominant design, which can be considered to be closely related 
to socio-technical regimes. This term was introduced by Geels (2002) in his study of patterns 
and mechanisms of technological transitions. Due to inertia in the current regime and system 
new technological innovations can face mismatches with current practices and worldviews, 
limiting their success and spread. Geels’ studies the system from a multi-level perspective 
(MLP) to understand the diffusion of novel technological innovations. (Geels, 2002) Geels 
study is based on the concept of technological regimes (Nelson & Winter, 1982). Within these 
technological regimes so called technological trajectories are developed. The regimes create a 
stability for operations and development, leading to incremental improvements along the 
trajectories within a regime, (Rip & Kemp, 1998) similar to the patterns described by Abernathy 
and Utterback (1978).  
 
“A technological regime is the rule-set or grammar embedded in a complex of engineering 
practices, production process technologies, product characteristics, skills and procedures, 
ways of handling relevant artefacts and persons, ways of defining problems; all of them 
embedded in institutions and infrastructures” (Rip & Kemp, 1998, p. 340) 
 
However, Geels’ (2002) MLP shows that novel technological innovations can be adopted 
within the current regime.  Within the MLP there are three sections; landscape developments, 
socio-technical regimes and technological niches (see Figure 8). The landscape can pressure 
the socio-technical regime, causing it to open up for change. Tensions can also formulate within 
the socio-technical regime due to internal dynamics. Technological niche innovations happen 
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outside the socio-technical regime, but can be adopted to it, especially during the periods 
characterized by tensions. (Geels, 2002) 
 

 
Figure 8 - A dynamic multi-level perspective on TT (Geels, 2002, p. 1263) 

 
In this research the electricity distribution system and the ICE vehicle are the dominant designs 
within the socio-technical regime that is limiting the spread of EVs. However, the rising threat 
of global warming and green-house-gas emissions is formulating on the landscape level, forcing 
the socio-technical regime to open up for change. The EV is considered the technological niche 
which is trying to converge into the regime. A limiting factor in this process is the lack of 
functional infrastructure for charging (Engel, Hensley, Knupfer, & Sahdev, 2018). In this 
research it is assumed that the lack of functional charging infrastructure can be ascribed to 
limitations within the current electricity distribution system. The research analyzes and 
evaluates how an incremental innovation that incorporates a battery storage solution connected 
to EV charging infrastructure can help the current electricity distribution system in supporting 
EVs, thereby helping it to converge into the socio-technical regime and helping in solving the 
climate crisis.  
 

3.2. Eco-innovation  
Eco-innovation is a quite broad concept and according to the OECD it is defined as “the 
implementation of new, or significantly improved, products (goods and services), processes, 
marketing methods, organisational structures and institutional arrangements which, with or 
without intent, lead to environmental improvements compared to relevant alternatives” 
(OECD, 2009). The definition explains how widespread the concept of eco-innovation is by 
stating that it can be everything from a product to a marketing method or even an organizational 
structure. Further it also includes the fact that eco-innovations are not limited to 
environmentally motivated innovations, it also includes innovations that improve the 
environment unintentionally. By this definition almost all firms that innovate will be eco-
innovators. However, eco-innovations can be either sustaining or disruptive. Sustaining 
innovations are of a more incremental character that aims to improve the performance of 
existing technologies and processes by raising the efficiency to reduce the use of resources and 



  

  16 

energy. This is the most dominant form of eco-innovations. (OECD, 2012) An example of a 
sustaining innovation is the catalytic converter as it supports the continued use of the ICE by 
improving its technology. (Arundel & Kemp, 2009) Disruptive innovations change how things 
are made and done without changing the underlying technological regime (OECD, 2012). An 
example of a disruptive eco-innovation is the battery electric vehicle (Arundel & Kemp, 2009). 
The EV radically change how cars are produced but does not cause additional changes as cars 
as a concept is not forced to change radically. Instead, radical innovations result in a shift of 
technological regimes and completely overturn how things are done and how value is captured 
(OECD, 2012).  In Table 3 the different classifications of eco-innovations are listed.   
 
Table 3 - Classification of eco-innovations (Arundel & Kemp, 2009).  

Environmental 
technologies 

Pollution control technologies including waste water treatment technologies 
Cleaning technologies that treat pollution released into the environment  
Cleaner process technologies: new manufacturing processes that are less polluting 
and/or more resource efficient than relevant alternatives  
Waste management equipment  
Environmental monitoring and instrumentation  
Green energy technologies  
Water supply  
Noise and vibration control 

Organizational 
innovation for 

the 
environment 

Pollution prevention schemes 

Environmental management and auditing systems: formal systems of environmental 
management involving measurement, reporting and responsibilities for dealing with 
issues of material use, energy, water and waste. Examples are EMAS and ISO 14001 

Chain management: cooperation between companies so as to close material loops 
and to avoid environmental damage across the value chain (from cradle to grave)  

Product and 
service 

innovation 
offering 

environmental 
benefits 

New or environmentally improved products (goods) including eco-houses and 
buildings  
Green financial products (such as eco-lease or climate mortgages) 
Environmental services: solid and hazardous waste management, water and waste 
water management, environmental consulting, testing and engineering, other testing 
and analytical services  

Services that are less pollution and resource intensive (car sharing is an example)  

Green system 
innovations 

Alternative systems of production and consumption that are more environmentally 
benign than existing systems: biological agriculture and a renewables-based energy 
system are examples  

 
By studying the EV and the benefits that come with it, it fits in several of the categories listed 
above. Within the Environmental technologies category, one could argue that EVs relate to 
noise and vibration control, at least in urban areas (as mentioned in the Sweco study). Further, 
the EV fits within the Product and service innovation offering environmental benefits category. 
The EV somewhat applies to two sub-categories, the one regarding new or environmentally 
improved products and the one regarding services that are less pollution and resource intensive 
(over the course of its lifetime).  
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3.2.1. Drivers and barriers of eco-innovations 
There are five main drivers behind eco-innovations. These are regulations, demand from users, 
capturing new markets, cost reduction, and improved image (Rennings & Zwick, 2003, p. 25). 
Additionally, there are five barriers listed in the European Commission’s Environmental 
Technologies Action Plan (Arundel & Kemp, 2009). These are: 

• Economic barriers: these issues range from market prices not taking into account 
external costs or services (for example health care due to air pollution) to the higher cost 
of investment due to a higher perceived risk, switching complexities, etc.  

• Regulations and standards: if they are too detailed or unclear, they can hinder the 
development and adoption of eco-innovations. Well-formulated legislation can instead 
stimulate environmental technologies/innovations.  

• Insufficient research efforts: if no research is conducted no findings will be reported. 
Further, the issues become worse when coupled with inappropriate functioning of the 
research system and weaknesses in the information exchange practices.  

• Inadequate availability of capital: no one is willing to bet on the innovations and take it 
from the drawing board to the production line.  

• Lack of market demand  
 
Both the drivers and the barriers indicate that eco-innovations are heavily dependent on an 
intricate interplay between many different stakeholders (Bonzanini, Dutra de Barcellos, Vieira, 
& Sauvee, 2015).  
 
3.2.2. Five strategies for achieving market success 
Eco-innovations strive for market success, just like regular innovations. However, eco-
innovations are not neutral in relation to the direction of change, they have the additional 
attribute of reducing the environmental impact or providing environmental benefits. This means 
that eco-innovations are more influenced by the dynamic needs of sustainable development. 
Sustainable development definitions are dynamic as they progress along with society and the 
challenges it faces. Society is represented as internal and external influence factors that assert 
and receive pressure from the current needs of sustainable development. (Bonzanini, Dutra de 
Barcellos, Vieira, & Sauvee, 2015) Creating value for all stakeholders while incorporating all 
these influences is a complex task. In order to achieve optimal market success for environmental 
new product development Pujari (2006) propose five complementary strategies: 
 

• Strive for upfront proficiency: this puts the eco-innovation closer to the market 
conditions and is more likely to create both environmental and economic value.  

• Cross-functional coordination: when developing the innovation all parts of the internal 
team should be involved to ensure functionality from a technical, economic and 
marketing stand-point.  

• Involve suppliers: this is an extension of the previous point to include external know-
how. By involving suppliers at an early-stage the innovation is likely to be less 
expensive and be of higher quality with fewer defects, resulting in shorter time to 
market.  

• Design for environment/Life-cycle analysis: design for environment includes design 
objectives related to preferable attributes, such as recyclability, disassembly, 
maintainability, refurbishability and reusability. Design for environment will heavily 
influence the life-cycle performance of the innovation.  
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• Market focus: key areas of interest on market level are market segmentation, product 
differentiation, development of marketing mix, etc. By developing a product or service 
for specific target market with specific needs it is more likely to succeed.  

 
The overall functionality of the EV is quite well-developed and has reached a certain level of 
market consensus, making it a relatively mature eco-innovation. As mentioned before the main 
barriers for EV adoption are price, driving range and not enough access to efficient charging 
stations (Engel, Hensley, Knupfer, & Sahdev, 2018). Continuous innovations on the battery 
side yield lower costs and higher energy contents (Soulopoulos, 2017), providing lower prices 
and longer ranges for customers. However, there is a need for innovations within the charging 
infrastructure. The charging infrastructure that is needed to support the EV fleet of the future is 
intricately connected and built-in to the existing electricity distribution system. To further 
understand the probability of success for a certain charging infrastructure the theory on eco-
innovations will be coupled with theory on diffusion of innovations.     
 

3.3. Diffusion of innovations 
To understand how eco-innovations can create optimal market value they can be studied 
together with theory on diffusion of innovations. Everett Rogers coined the theory when he 
released his book Diffusion of innovations in 1962. Thus far relatively few researchers have 
coupled theories on eco-innovations and diffusion of innovations (Karakaya, Hidalgo, & Nuur, 
2014). 
 
Roger’s theory on diffusion of innovation regards both how the innovation is communicated 
and how people adopt and use the innovation. Diffusion is defined as “the process by which an 
innovation is communicated through certain channels over time among the members of a social 
system” (Rogers, 1983, p. 5). The four elements of this quote are innovation, communication 
channel(s), time and social system. The innovation is described as an idea, a practice or an 
object that is perceived as new by an individual. The communication channel(s) refer to the 
means by which messages spread from one individual to another. How individuals see 
innovations change over time, which is the third element. Initially you gain knowledge of the 
innovation, given time you form an attitude toward it which later determines whether you adopt 
or reject it. The social system is a set of interrelated units that strives towards solving different 
problems and accomplishing common goals. (Karakaya, Hidalgo, & Nuur, 2014)  
 
3.3.1. Time of adoption 
When studying diffusion of innovations in the light of achieving market success time of 
adoption is of importance. Rogers categorize adopters based on their time of adoption. The 
categories are (from early to late adoption): innovators, early adopters, early majority, late 
majority and laggards. (Rogers, 1983, p. 22) 
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Figure 9 - Adoption/diffusion of innovation indicated by blue line, total market share indicated by green line (Rogers, 1983).  

3.3.2. Attributes of innovations 
Rogers also acknowledge that innovations have different attributes that are related to their 
diffusion. Some innovations reach widespread market adoption a lot quicker than others. 
Rogers present five different categories of attributes that can be used to analyze and evaluate 
how well an innovation is likely to diffuse into the market place, and thereby reach the different 
market segments presented in Figure 9. The five different attributes are meant to be 
conceptually different from one another. The attributes are relative advantage, compatibility, 
complexity, trialability and observability. (Rogers, 1983, p. 211) 
 
The relative advantage regards the perception of an innovation and how it compares to the 
alternative that superseded it. The relative advantage can be of many different types, for 
example economic or social. An innovation that is more economic than its predecessors is likely 
to succeed since it lowers the cost for all that adopt it. A relative social advantage refers to the 
potentially increased social status that comes with adopting to a new innovation. This aspect is 
believed to have been understudied in previous research. However, the social relative advantage 
is expected to play a more important role for the individuals that are innovators, early adopters 
and early majority rather than for the late majority and the laggards. (Rogers, 1983, pp. 213-
223) 
 
Compatibility is the second attribute of innovations. It determines how consistent the innovation 
is with existing values, past experiences and needs of potential adopters. Rogers divide this 
attribute into three sub-segments. An innovation can be more or less compatible with 
sociocultural values and beliefs, previously introduced ideas or needs for innovation. Rogers 
believes that innovations that are largely based on previous ideas are more likely to be adopted 
and used in a more efficient way. This way of thought rules out innovations that are of a more 
radical character. Rogers address this concern by saying that innovations can be diffused in a 
step-wise manner where innovations that are compatible with one another can help develop 
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each other and the overall adoption rate for the cluster of innovations is successful. 
Compatibility with needs of clients is the most straightforward out of the three sub-segments. 
However, it is sometimes difficult to know the needs of the customer beforehand. Also, clients 
may not know that they have the need for a product or service if it does not exist yet, which 
makes it difficult to assess before launch. (Rogers, 1983, pp. 225-230) 
 
Complexity is assumed to be negatively correlated to the rate of adoption of an innovation. 
High complexity means that it is relatively difficult to understand and use. Trialability refers to 
the extent to which an innovation can be experimented on with a limited basis. In general, 
innovations that can be divided and tested before launch is more likely to have a rapid rate of 
adoption. The final attribute, observability, refers to how well the results of an innovation are 
visible for others. Rogers states that there is a positive relation between innovations with results 
that are easily communicated and observed by others and the rate of adoption (Rogers, 1983, 
pp. 230-232). 
 
3.3.3. Crossing the chasm 
As Figure 9 shows the major share of the market is comprised of the early and late majority. In 
Geoffrey A. Moore’s book Crossing the chasm (2014) he draws on the example of the EV. In 
1989, in the first edition of the book, he mentions the EV as a disruptive innovation that had 
not yet crossed the chasm. In the second edition of the book, released in 1999, the same example 
was used. In the most recent edition, from 2014, the same example is used once again. (Moore, 
2014, p. 11) Clearly the EV is struggling to reach the majority of the market.  
 

 
Figure 10 - The adoption life cycle with a chasm between the early adopters and the early majority segments (Moore, 2014). 

The innovators are considered the technology enthusiasts while the early adopters are 
generalized as the visionaries. It is assumed that most EVs on the roads today are owned and 
operated by actors within these two segments. The early majority are categorized as the 
pragmatists, the late majority are the conservatives and the laggards are the sceptics (Moore, 
2014). This research aims to help the EV cross the chasm and reach the later markets by coming 
up with a concept for a charging infrastructure that does not cause any issues for the electricity 
grid while delivering optimal value for charging of EVs. Moore’s marketing theories on 
crossing the chasm involve four main phases; (1) select your target market, (2) whole product 
management, (3) positioning and (4) launching. (Moore, 2014) By analyzing and evaluating 
the battery supported charging solution with these four phases in mind the chances of helping 
the EV cross the chasm will increase.  
 
Select target market 
To reach the early and late majority the pragmatic and conservative customers need to be 
convinced. They generally do not buy into a new product unless it is tested and deemed reliable 
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by actors within their own market segment. In other words, having recommendations from 
innovators (technology enthusiasts) and early adopters (visionaries) does not translate into sales 
in the later market segments. This can be solved by carefully selecting the target market for 
your product. It is important that you limit yourself to one smaller market where your solution 
can achieve a market leading position relatively quick. What is important is that this market 
needs to translate into larger markets through communication from within the smaller market. 
Finding this market is based on a high-risk, low-data decision. (Moore, 2014)  
 
The selected market needs to have a specific target customer with a compelling reason to 
buy/use your product, i.e. there needs to be some significant economic pain points that the users 
within this market is experiencing. This niche target markets needs to be vacant without any 
other competing actors present. Solving the problems within the initial niche market needs to 
be connected to larger markets. If your product can solve the problems within the initial smaller 
market it has to translate into problem solving for other actors as well. (Moore, 2014) 
 
Whole product management 
The pragmatists that constitutes the early majority tend to buy whole products. They do not 
want to buy a developing product that needs their own input to be used efficiently. Moore 
introduced the whole product model with four phases to help in creating a whole product 
offering. (Moore, 2014, pp. 131-132) The four steps are: 
 

• Generic product: what is shipped in the box and covered by the purchasing contract. 
• Expected product: The minimal version of the product necessary to achieve the buying 

objective.  
• Augmented product: This is the version of the product that provide the maximum chance 

of achieving the buying objective.  
• Potential product: This represents the product’s room for growth as more and more 

ancillary services come to the market.  
 
In the early markets it is enough to have a better generic product. When trying to attract the 
mainstream markets the generic products become more similar to one another, and added 
services needs to be in place to outcompete existing solutions, creating a need for a completer 
and more whole product. It is also important that the product is readily achievable, meaning 
that it can deliver what is promised right away. (Moore, 2014) 
 
Positioning 
As mentioned before, crossing the chasm is all about capturing the interest of the pragmatist 
buyers. The pragmatists do not buy products until they can compare it to something. 
Competition, therefore, becomes a fundamental condition for winning them over. Sometimes 
competition has to be created to communicate the upside of a new product. When finding 
competitors to compare the product with the focus should be on the market aspects of the 
competition and where the new company fits in that market. This is done by using two 
competitors that helps in positioning the company and its product. One of the competitors need 
to be a market alternative, which is a vendor that the customer has been buying products and 
services from previously. The new company and product set out to capture their budget by 
solving a core limitation that their customers experience with the current product. (Moore, 
2014, p. 171) The second point of reference is a product alternative, which is a competitor that 
has a product or service similar to the one of the new company. The existence of this company 
gives credibility to the notion and timing of the technology. The differentiation from the product 
alternative is created by focusing on a different segment than them. (Moore, 2014, p. 171) 
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Another important aspect of positioning is that the product should not be easy to sell, instead it 
should be easy to buy. This is connected to creating the competition as the customers need to 
know what the product is if it is going to be easy to buy. To make sure the position of the 
product is efficient it needs to focus on who the product is for, what it solves that they are 
dissatisfied with today (provided by the market alternative), what the product is, why they 
should buy it, how it differentiates from the product alternative, and key whole product 
features. (Moore, 2014) 
 
Launching 
To identify and utilize a distribution channel into the mainstream channel that the pragmatists 
are comfortable with is the number-one objective when crossing the chasm. This distribution 
channel differentiates depending on the market and the product. Depending on the product and 
the market a specific class of customers need to be approached. These classes are (Moore, 2014, 
pp. 198-206):  
 

• Enterprise executives making big purchases of complex systems that will be adopted 
broadly across organizations.  

• End users making low-cost purchasing decisions that will be adopted individually or 
across smaller local teams. 

• Department heads making medium-cost purchasing decisions that will be adopted 
within their own part of the organization. 

• Engineers making design decisions that will be pushed out to the company’s customers.  
• Small business-operators making modest purchasing decisions that still affect their 

bottom line, meaning there is limited capital and a need to get value back.  
 

3.4. Summary of literature review 
In this research the eco-innovation is seen as an eco-innovation that has gotten somewhat stuck 
in the chasm between the early market and the major market. As of now the developments 
regarding price and range of EVs is dependent on developments in battery technology. A 
functional charging infrastructure, from both the EV charging perspective and the grid 
perspective, can help the EV in crossing the chasm. The theoretical framework acts to guide 
the research and help in assessing what type of charging solution that is likely to be most 
efficient in solving these issues. The presented theories on transition theory, eco-innovations, 
diffusion of innovations and the technology adoption life cycle will be used to analyze the 
findings and answer the research questions.   
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4. Methodology 
This chapter describes the methodology used in the thesis. It clarifies how the data has been 
collected and how it has been analyzed. Further, it describes the model used for answering the 
second research question. The implications on reliability and validity are discussed together 
with ethical aspects of the research.   
 

4.1. Research design 
There are limitations within the electricity distribution systems around the world today, giving 
rise to some challenges regarding the increased power demand. The research presents an option 
for meeting some of the demands that a growing EV fleet brings, thus following a 
problematization approach (Alvesson & Sandberg, 2011).  
 

 
Figure 11 - Research approach and design. 

The research aims to answer two research questions. To answer the first research question 
qualitative data was collected through both primary and secondary sources. The qualitative data 
was collected through conducting interviews, attending a conference and reviewing secondary 
sources. The information gathered from the conference and the interviews were coded to 
identify themes and patterns based on the described and analyzed theories in chapter three. 
 
The identified themes and patterns were analyzed by utilizing the aspects from the studied 
theories to gain an understanding of where the battery supported charging solution can be 
placed to reduce the tensions on the grid caused by EV charging. This part of the research was 
also connected to where the solution can be placed to attract and drive the adoption EVs in an 
efficient manner. As the case of EVs is a relatively new area that is characterized by rapid 
developments a qualitative approach was deemed most suitable for assessing what future trends 
could look like. 
 
Upon understanding where the solution could be placed the research analyzed how the solution 
can reduce the tensions on the grid in the identified location. Some aspects considered within 
this part of the research deals with charging speeds and how the system can be designed for the 
given purpose. The research question was also based on both primary and secondary sources. 
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To come up with more technical aspects such as dimensioning of the charging solutions 
quantitative data was used. To understand how the solution can reduce the tensions on the grid 
a mixed approach was used. The qualitative data was coupled with quantitative data to estimate 
cost and losses of the different solution concepts to be able to compare advantages and 
disadvantages of different solution pathways. The findings from the two questions resulted in 
conclusions regarding potential pathways forward, meaning that several locations and concepts 
might be viable options. The identified pathways were analyzed through the lens provided by 
the studied theories (transitional theory, eco-innovations and diffusion of innovations).  
 
The quantitative data set was provided by Mälarenergi, which is a utility company in Sweden. 
The data set was collected from one of their sites for public charging in Sweden. The goal of 
this data analysis was to understand how much battery capacity that is needed to reduce the 
power outtake from the EV charging at the given location. This data set consists of power flows 
from existing public charging stations and provides an understanding of how much energy is 
charged, when it is charged and how often it is charged. This helped in dimensioning the battery.  
 
Upon answering the two research questions some takeaways and impacts are considered. For 
example, the impact that the pathways could have in terms of freeing up power in Stockholm’s 
electricity grid in 2030. To estimate the potential impact in 2030 projections on the size of the 
EV fleet was used along with EU directives for the number of charging stations per EV. The 
impact was assessed for the locations identified in research question 1 together with the design 
concepts for a battery supported charging solution from research question 2. The impact is 
assessed based on how much the power outtake from public charging of EVs can be reduced 
from a grid perspective by utilizing a battery as a buffer between the EVs and the grid 
connection point.  
 
The overall design of the research is a case study, which is suitable as the research is performed 
within a relatively unexplored area. Case studies are usually effective when answering 
questions to how and why (Rowley, 2002; Yin, 2002), which applies to this study as it studies 
how a battery supported charging solution can reduce the peak power outtake while driving the 
adoption rate of EVs in Sweden. How and why things are done is closely related to both theory 
on eco-innovations and diffusion of innovations.  
 

4.2. Pilot study 
The initial stage of the research was focused on understanding the landscape of the current 
charging infrastructure. This includes familiarizing with what actors that are doing what and 
where. This was done by studying secondary sources regarding existing solutions and 
understanding who the suppliers are as well as what the technology looks like.  
 
Upon completing the pilot-study the goal was to have a better understanding of the EV charging 
landscape as well as having a better understanding of what actors to interview and what 
secondary data to study.  
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4.3. Main study 
The main study is characterized by a mixed methodology approach with both qualitative and 
quantitative studies. Since the research is performed within a rather novel area a qualitative 
approach was used to collect a wide range of opiniated data from several actors within the EV-
sector as well as sectors that are affected by a larger share of EVs and EV-charging.  
 
The majority of the findings related to the first research question are qualitative data. This data 
was used to understand the concept of EV charging and its path forward. Several actors were 
interviewed, both within Northvolt and other organizations and companies. The qualitative data 
was collected through unstructured and semi-structured interviews as well as attending a 
conference. The pilot study helped in identifying these external actors of interest. The 
information gathered was primarily used to understand needs and challenges with EV charging. 
The different perspectives and aspects of EV charging acted as input to the theoretical 
framework. The inputs translated into where the charging solution could be efficient in 
assessing tensions of the grid as well as enhancing the adoption rate of EVs. To get a general 
overview of the problem a generalized approach was taken.  
 
The aim was to include opinions and views of several different actors to make the case study 
more detailed and in-depth. This is believed to be of importance as the study aims to provide 
generalized insights about future trends. By asking similar questions to different actors the data 
could be triangulated to see certain patterns and trends in their beliefs and predictions. Often 
triangulation offers a broader and more complementary way of viewing the problem or issue. 
(Collis & Hussey, 2014, p. 72) 
 
To understand where the battery supported charging solution can be effective input from 
producers and operators of charging stations was collected. The goal of this part of the research 
was to find what type of battery supported EV charging solutions that is most suitable for 
helping EVs to reach mass-adoption. To understand the aspects that determine if a certain 
pathway for a potential solution is efficient the collected data was analyzed based on transition 
theory, the drivers and barriers of eco-innovations, the attributes for diffusion of innovations 
and the concepts for how to cross the chasm. Few studies have coupled theory on eco-
innovations and theory on diffusion of innovation before. The two are combined in this research 
with the aim of providing a more overarching framework than the two separate theories would 
have provided. The combination of the two theories will be applied in the analysis of the 
concept for EV-charging. 
 
Previous reports on charging behaviors and EV charging trends were studied to understand the 
target market and the customer within the given segment. Literature on the issues and 
possibilities were also studied closely in order to understand what it is that hinders EV adoption 
as well as where it would generate the most value for society. This acted as a complement to 
the collected primary qualitative data. 
 
The second part of the case study is focused on how a battery supported charging infrastructure 
could be designed to reduce the power outtake from EV charging. Both quantitative data and 
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qualitative data was analyzed to dimension the battery system and other major components, 
such as AC/DC and DC/DC components. The quantitative data and previous quantitative 
studies helped in understanding power flows for EV charging, how long the charging sessions 
are, how much energy that is drawn from the station during a session and patterns for how often 
the stations are utilized. The battery and components are sized based on these metrics and has 
the objective of mitigating the impact on the grid.  
 
To be able to formulate the quantitative models for assessing energy losses qualitative data on 
costs of different solutions as well as their potential impact was used. Interviewees provided 
their view on the component structure and expected component performance and cost. As there 
are limited developments of battery supported EV charging solutions today the qualitative 
inputs were necessary to formulate a model that could meet the demands of EV charging. 
 
To estimate the potential impact of the different solution pathways the expected number of EVs 
in Stockholm by 2030 acted as a basis for the assumptions. The total number of charging 
stations needed to handle the power outtake from the identified locations in research question 
1 was estimated based on outlooks on where EV drivers are expected to charge their cars in 
2030. The expected peak power reduction was then assessed by applying the concepts identified 
in research question 2.     
 

4.4. Data collection and methodology 
The research was based on several different sources of data. By collecting data from multiple 
sources, the reliability and validity of the results are enhanced. Multiple sources of data also 
enable triangulation of the findings, possibly providing a more holistic view of the problem. 
(Gibbert, Ruigrok, & Wicki, 2008) In order to assess all aspects of the study a wide-ranging set 
of data sources was necessary.  
 

4.4.1. Literature review 
The literature review was conducted to gain an understanding of current and previous research 
in relevant fields. It also helped in finding applicable theories that were used to analyze the data 
and helped in finding the most suitable solution for achieving market success. Furthermore, the 
literature review helped in formulating the research questions. By understanding what research 
fields that have been covered previously the research questions were formulated to address new 
areas of interest as well as build on existing research, thereby contributing to the overall 
understanding and knowledge within the field. (Collis & Hussey, 2014)  
 
The literature review was performed throughout the time of the research. The largest efforts 
were however made at the beginning of the research period. As the research continued and new 
forms of data and knowledge was accessed certain new topics of interests were further 
reviewed, making the literature review iterative in nature. For market developments research 
reports from the International Energy Agency and McKinsey & Company among others 
provided a lot of useful information. These topics are rarely visited in academic literature and 
are more frequently updated by commercial actors. Academic literature was searched for on 
Web of Science, google scholar and KTHB Primo2.  

                                                
2 KTHB Primo is a search tool provided by the library of The Royal Institute of Technology (KTH) 
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The topics that was deemed most important for the thesis were overall market aspects, theory 
on eco-innovations and theory on diffusion of innovations. When searching for market aspects 
keywords such as “electric vehicle charging” coupled with words like “trends”, “demand”, 
“developments”, “needs”, etc. A lot of the review followed a snowball effect where interviews 
and articles would feed into new readings. This methodology helped in getting a relatively 
broad understanding of the current situation and the expected situation going forward.  
 
The research on academic literature was initiated by studying theories that might fit the research 
topic. Eventually this step helped in crystallizing three theories to review further, eco-
innovations, diffusion of innovations and transition theory. The connection between the first 
two seemed somewhat obvious at first. However, in a review by Karakaya, Hidalgo and Nuur 
(2014) it became apparent that relatively few researchers have studied eco-innovations together 
with theory on diffusion of innovations. The coupling of the two theories form the framework 
on which the case study of this research is based while the third theory helped in understanding 
the potential mismatch between an increased EV adoption and the current system structure.  
 

4.4.2. Interviews  
The information and data collected in the pilot study helped build the foundation on which the 
rest of the research was built. For example, it helped in identifying external interviewees of 
interest for the main study. Also, it helped in formulating the questions and discussion topics 
for these external interviews. The interviews in the main study were held in a semi-structured 
manner and were not recorded, but notes were taken. Despite the interviews being semi-
structured they had an open tone, allowing the interviewee to elaborate freely when applicable. 
All but three of the interviews were held over the phone. The guides used in these interviews 
are found in Appendix I.  
 
Conducting interviews was very helpful in the research, especially in the early stages of the 
study. By interviewing people with different areas of expertise and different areas of interest a 
broad understanding of the topic was formed. The initial interviews were held in an unstructured 
manner and mostly with personnel within Northvolt. An unstructured interview approach was 
deemed suitable for these sessions as they were less formal and acted as a way to learn as much 
as possible about the research topic. This allowed the interviewee to freely share his/her 
thoughts on the matter of EV charging and its trends and outlooks as well as general views on 
batteries in the given setting. Some of the sessions with personnel at Northvolt were held as 
meetings with several attendees and some were one-on-one interviews. The internal meetings 
and interviews were held in person and they were not audio recorded but notes were taken 
throughout the sessions. 
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Table 4 - Internal interviews and meetings held within Northvolt.  

Interview Company Role Type 1 Type 2 Length Date 

I Northvolt Model & Simulation 
Engineer In person Unstructured 

interview 30 min 2018-12-03 

II Northvolt CEO & CBDO In person 
Project/market 
overview 
meeting 

30 min 2018-12-14 

III Northvolt 
Business 
Development 
Director 

In person Unstructured 
interview 30 min 2019-01-15 

IV Northvolt Technical Account 
Manager In person Unstructured 

interview 60 min 2019-01-22 

V Northvolt Electrical Design 
Engineer In person Unstructured 

interview 60 min 2019-02-05 

VI Northvolt 
Lead Engineer, 
Business 
Development 

In person Discussion 120 min 2019-03-18 

 
The sessions with employees of Northvolt were held throughout the research process. They 
provided an opportunity to present findings on market research on the charging landscape and 
how a battery system can be expected to perform within the given landscape. This helped in 
understanding the capability of battery solutions within the given context and was primarily 
used as inputs for the second research question. The collected data helped in understanding how 
the solution could be built up and what it could look like based on the technical aspects of 
batteries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

  29 

Table 5 - External interviews, meetings and conferences. 

Interview Company Role Type 1 Type 2 Length Date 

A Garo 
Business 
Development 
Manager 

In person 
Semi-
structured 
interview 

90 min 2019-01-28 

B Chargestorm Sales Manager E-mail 
Semi-
structured 
interview 

N/A 2019-01-31 

C EasyPark Regional Manager On the 
phone 

Semi-
structured 
interview 

30 min 2019-01-31 

D EasyPark Business 
Developer 

On the 
phone 

Semi-
structured 
interview 

30 min 2019-02-01 

E Garo N/A In person Work Shop 120 min 2019-02-07 

F E.On Deployment 
Manager 

On the 
phone 

Semi-
structured 
interview 

30 min 2019-02-07 

G Ellevio Grid strategist On the 
phone 

Semi-
structured 
interview 

15 min 2019-02-18 

H ABB Sales eMobility On the 
phone 

Semi-
structured 
interview 

40 min 2019-03-29 

I Ellevio Grid strategist On the 
phone 

Semi-
structured 
interview 

30 min 2019-04-04 

J Elbilskonferensen N/A In person Conference Full day 2019-04-10 

K Mobility46 CEO In person Discussion 30 min 2019-04-10 

L Luleå Tekniska 
Universitet 

Professor, Power 
Engineering 

On the 
phone 

Semi-
structure 
interview 

30 min 2019-05-13 

 
Table 5 provides an overview of the interviews and meetings that were conducted with actors 
outside of Northvolt. The information and data collected during the external sessions provided 
helpful guidance in understanding what different actors across the supply chain see as important 
factors for the development of the EV charging infrastructure. In addition to conducting 
interviews a conference called Elbilskonferensen 2019 was attended. The conference included 
presentations by different actors within the EV sector. The overall topic was related to the 
current situation in Sweden and how Sweden can increase and speed up the growth rate of EVs. 
Actors from BilSweden, PowerCircle, Volkswagen, Volvo, Ellevio, Akershus 
Fylkeskommune, GREAT and others attended to give their view of the current situation and 
the path forward.  
 
4.4.3. Quantitative data set 
As mentioned before the quantitative data set was collected from an existing grid-connected 
public charging station in Sweden that is owned and operated by Mälarenergi. At the site there 
are a total of eight 22 kW AC-charging stations and one 50 kW DC-charging station. Minute 
based power flows to the stations was collected for two months to understand the charging 
patterns and the power and energy flows to the EVs that use the site.  
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4.5. Data analysis 
4.5.1. Qualitative data 
The collection process of primary qualitative data came from interviews, meetings and a 
conference. The top priority when conducting the data collection sessions was to get 
information from people with experience within the studied phenomenon. These people were 
found by utilizing methods regarding snowball sampling/networking combined with 
judgmental/purposive sampling (Collis & Hussey, 2014). The snowball effect was utilized by 
interviewing people within Northvolt that in turn recommended external actors that they 
believed would be of interest. Additionally, the background information collected from 
secondary sources such as articles, documents and reports helped in navigating and deciding on 
what external actors to contact and interview, acting as the judgmental/purposive sampling part 
of the process. External interviews were conducted both with actors recommended by 
Northvolt’s personnel as well as people that seemed relevant based on general background 
search.  
 
Much of the background information was collected in order to put the qualitative data into a 
context. This was necessary to understand and limit the research topic. It is also used as 
reference and baseline when analyzing the collected data at later stages (Collis & Hussey, 
2014).  
 
The qualitative data feeds into a part of the study that is interpretivist in its nature. The research 
is focused on the development of a rather novel technology and the demands from the users as 
well as the needs of the electric system are expected to be somewhat undefined. Neither is there 
a generalized and agreed upon trajectory for the development of EVs and EV charging 
infrastructure.  This makes the logic of the current situation and the path forward unclear. Due 
to this uncertain landscape the interviews were unstructured or semi-structured to reflect the 
personal constructs (sets of concepts or ideas) of the interviewees (Collis & Hussey, 2014). The 
interviews were not recorded, only field notes were taken. This may have led to some main-
points being missed as the interviewer was busy taking notes instead of fully listening. Note-
taking also results in some instant analysis, possibly leading to omissions, distortions, errors 
and bias as the researcher subjectively filter what data to record in the notes (Collis & Hussey, 
2014), leading to a sort of initial coding of the data.  
 
Upon collecting the qualitative data, it was analyzed by following three main steps; data 
reduction, data display and conclusions and verification (Collis & Hussey, 2014). The data 
reduction step was performed by coding the notes taken during the interviews and the 
conference. The coding was based on four main codewords. The purpose of the codeworks was 
to identify patterns, themes and categories of qualitative data, connecting the findings from the 
different sources. The codewords that were used were opportunities, challenges, current 
situation and future situation. This approach created pools of findings that were reconstructed 
by putting the different findings in different themes based on the theoretical frameworks. This 
was done in order to identify beliefs and values in the data and link them with theory.  
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4.5.2. Quantitative data 
The quantitative data analysis was carried out by formulating models for how the solutions 
could look like and operate. The studied parameters were capacity of the system, cost of 
essential components, expected energy losses and potential impact on reducing peaks in power 
outtake from EV charging in 2030. In total four Excel models were used to calculate and 
estimate these metrics. These metrics were then assessed and analyzed through the lens of the 
theoretical frameworks to understand which pathway(s) that are most likely to speed up the 
adoption rate of EVs in Sweden.  
 
The dimensioning of the solutions was based on quantitative findings. Expected durations for 
charging of EVs was used to understand how fast the battery solution needs to be charged and 
discharged as well as how much energy that needs to be stored to meet the needs for the different 
use cases (identified solution pathways in research question 1). These inputs dimensioned the 
identified components that are necessary to build a functioning battery supported charging 
solution.  
 

Battery dimensioning assessment model 
One of the inputs for dimensioning of a battery supported public charging station was made 
by analyzing a quantitative data set containing power outtakes at an existing public charging 
site. The power outtakes were measured per minute and provide insights on the power and 
energy drawn from the grid over the studied period, which is one and a half months.  
 
The battery storage considered for the battery supported charging station has a C-rate of 0,5C, 
meaning it can be fully discharged in 2 hours, which limits the power output from the battery 
system. At the beginning of the studied period the battery has a full state of charge (SoC). When 
power is drawn for charging of EVs the battery discharges the necessary power to limit the 
power outtake. This reduces the SoC-level in the battery that is coupled to the charging station. 
Recharging of this battery follows a stepwise approach to make sure the SoC does not hit zero. 
If the power drawn for EV-charging is less than the energy stored in the battery at that instance 
the battery discharges the same amount. If the battery has less than 20% SOC the battery is 
charged by 20 kW, if the SoC is between 20%-100% the battery is charged by 10 kW until it 
reaches 100% SoC. This approach reduces the power outtake to a set level. Different battery 
sizes and stepwise recharging speeds were tested in the model until all peaks are reduced to a 
maximum of 20 kW. A cut-out of the model is showed in Appendix II.  
 

Cost estimate of essential components 
To understand the costs of the systems three different concepts were identified. The different 
concepts included some differences regarding what components that were needed. The 
qualitative data collection identified the necessary components as well as cost estimates for how 
much the components are expected to cost per unit of power or energy. The components that 
was assessed were AC/DC- and DC/DC components as well as the battery system.  
 
The costs for AC/DC- and DC/DC components of different sizes was based on their cost per 
Watt (SEK/W). In the dimensioning of the system it was expected that the battery solution 
needs to be recharged within a specific set of time. Together with the expected energy capacity 
of the battery the size of the components that connect the solution to the grid connection point 
was estimated. Upon finding the size of the specific component the cost was estimated by 
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multiplying its capacity with the cost estimate3. A similar logic was utilized in finding the cost 
of the component that connects the battery solution to the EV in need of charging. Given the 
expected charging speed the component was dimensioned, and its capacity was multiplied by 
the cost estimate.  
 
The expected cost of the battery system was provided by Northvolt in cost per unit of energy 
(SEK/kWh) (Business Development Director, Northvolt). This cost includes the necessary 
structure for providing a full solution, i.e. not just the cost of the battery cell but rather a battery 
system that is built into modules and racks of batteries. The needed battery capacity in kWh 
was estimated by studying the identified energy needs for different types of EV-charging. These 
needs were based on estimates for charging powers and charging durations as well as studying 
existing battery supported charging solutions. The cost was found by multiplying the energy 
need with the cost per kWh4. A cut-out of the model is showed in Appendix III.  
 
Energy losses estimate 
The energy losses for different concepts was used to understand the performance of different 
solutions. The qualitative findings were used to understand the outline of the different concept 
designs and together with the dimensioning of the major components (mentioned above) the 
losses were found. The losses were estimated for the AC/DC- and DC/DC-components, the 
battery pack and the cables used for wiring.  
 
The losses in the AC/DC- and DC/DC-components were estimated by studying the efficiency 
of the solutions. The range of efficiencies for the components were provided by interviewees 
and were expected to be correlated linearly to the voltage drop over the components. The losses 
in the battery system was estimated in a similar manner. The findings indicate that the losses 
within the battery system increase with energy storage capacity. The efficiency of the system 
was therefore linearly correlated to the capacity in kWh. In a real-world setting the operating 
temperature of the system would affect the losses of the system. In this model it is assumed that 
there is an installed climate control system that makes sure that the major components are within 
the window of their operational temperatures.  
 
The losses in the cables were studied by using formulas on energy losses in copper cables. 
Inputs regarding the resistivity of copper and expected operating temperatures were used to find 
the resistivity per meter of cable. The length of the cables was estimated by studying the width 
of one parking lot, thus providing some insight regarding how long the cables need to be to 
connect the different components of the solution. All concepts have the same system borders, 
i.e. it does not change for the different concepts of the solution.  
 

                                                
3 !"#$	('()/+) ∗ !./.01$2	(+) 
4 !"#$	('()/3+ℎ) ∗ !./.01$2	(3+ℎ) 
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Figure 12 - System border illustration. 

In the model it is expected that the EV is charged at a constant voltage of 400 VDC. This yields 
different charging currents based on the charging power according to Ohm’s law (5 = 7 ∗ 8) 
and sets the output voltage from the component that connects the EV and the battery (AC/DC 
or DC/DC). The battery solution is built up by modules that each have an expected voltage of 
50 VDC in the model. For systems with a capacity that incorporates more than 8 modules the 
output voltage is expected to be set at 400 VDC (8 ∗ 50<=! = 400	<=!) to match the voltage 
of the EV’s battery pack. The output voltage of the battery solution, also referred to as the 
Energy Storage System (ESS), together with the set charging power determines the current (A) 
flowing out of the battery. This completes the discharging assessment.  
 
For the recharging of the ESS the voltage of the ESS is the same as for discharging. The input 
from the grid connection point is expected to be a three-phase connection with a main voltage 
of 400 V (Energimarknadsbyrån, 2019). This yields a line voltage of 230,9 VAC 
(400	<?!/√3 ≈ 230,9	<?!) and a total voltage of 692,8 VAC (3 ∗ 230,9	<?! ≈
692,8	<?!). The desired recharging time in hours coupled with the energy storage capacity of 
the ESS determines how much power that needs to be drawn from the grid. The voltage level 
of the ESS together with this recharging power determines the current travelling through the 
cable connecting the battery and the AC/DC-component which links the battery to the grid 
according to Ohm’s law. The AC/DC-component is needed since the battery is a DC-appliance 
and the grid provides AC-power. The needed recharging power also determines the current 
travelling in the cables from the grid connection point into the AC/DC-component. A cut-out 
of the model is showed in Appendix IV.  
 
Battery supported EV charging potential impact  
To understand the potential impact that a battery supported EV charging infrastructure could 
have on the electricity distribution grid of Stockholm an assessment was made. The model 
considers the planned number of public charging points that will be installed in Stockholm by 
2030. The number of charging points that are to be deployed is based on an EU-directive stating 
that there should be 1 public charging point per 10 EVs in 2030. By dividing the total number 
of charging points by 0,1 we get an estimate of how many EVs that are expected to be 
operational in Stockholm by 2030.  
 
Findings on two scenarios for where the energy for EVs will be charged in 2030 provides an 
understanding of how many cars that will be charged at work, at home, in public, and along 
highways. The findings present the share of energy that will be charged at each location. For 
the case of this model the share of energy is expected to be the same as the number of EVs that 
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will use each type of charging as we are studying the entire fleet of EVs in Stockholm. In reality 
one EV can of course charge energy at multiple locations.  
 
Upon understanding how many EVs that will be charged at each location the number of EVs 
that each charging station can serve is assessed. For home and work charging it is expected that 
one charging station can serve one EV while public charging and highway charging can serve 
multiple EVs. The number of EVs that can be charged in public or along highways is estimated 
based on findings from an existing report on public charging in Stockholm and is dependent on 
the charging speed for the studied charging stations.   
 
The induced peaks are technical peaks, i.e. the actual power that needs to be transferred by the 
grid infrastructure rather than hourly measurements. Therefore, these peaks are equal to the 
charging speed at the charging station. If the charging station provides 150 kW the induced 
peak will be 150 kW in the model. For home and workplace charging it is expected that the 
solution can reduce 100% of the induced peak. For public fast charging the battery supported 
solution is expected to limit the peaks to a certain level, but not reaching 100% peak shave. The 
peak shave percentage used is based on the assessment made for the quantitative data set 
provided by Mälarenergi. In that assessment the peaks were reduced by 77% for the specific 
location. Due to a lack of additional sources of data a 77% peak shave is considered in the 
public fast charging scenario.  
 

4.6. Validity and reliability 
Validity and reliability are two aspects that largely define the quality of the research design. 
There are four tests that are commonly used for assessing the research design. These are 
construct validity, internal validity, external validity and reliability (Yin, 2002; Gibbert, 
Ruigrok, & Wicki, 2008). 
 
Construct validity regards whether or not the study investigates what it claims to investigate, if 
the procedure leads to an accurate observation free from subjective judgment (Gibbert, Ruigrok, 
& Wicki, 2008; Yin, 2002). It is often considered quite difficult to achieve a high level of 
construct validity when performing case studies as they are often criticized for being subjective 
during the data collection phase (Yin, 2002). According to Yin (2002) there are three tactics for 
how you can increase construct validity when performing a case study. One is to use multiple 
sources of information, i.e. triangulation. There are four different types of triangulation, (1) 
methods triangulation, (2) triangulation of sources, (3) analyst triangulation and (4) 
theory/perspective triangulation (Patton, 1999). The primary forms of triangulation when 
collecting data for this research is methods triangulation, triangulation of sources and 
theory/perspective triangulation. Methods triangulation has been used since information has 
been collected from both primary and secondary sources. The collected data has also been both 
qualitative and quantitative. Within the different data collection methods different sources has 
been studied, thereby utilizing triangulation of sources. Triangulation of data collection was 
particularly important for the outlook on developments of the EV market and the EV-charging 
trends. Lastly, different theories and perspectives were used to analyze the collected qualitative 
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data. For the quantitative data a limited set of sources has been used, thus decreasing the 
construct validity.  
 
The second tactic for increasing construct validity is to establish a clear chain of evidence. This 
tactic is focused on using reliable sources, for example peer-reviewed articles and reports, 
explaining data collection procedures, etc. (Gibbert, Ruigrok, & Wicki, 2008). The third tactic 
is to allow a draft of the research report to be reviewed by key informants (Yin, 2002), for 
example interviewees.  
 
Internal validity refers to the causality between variables and results (Yin, 2002). This test acts 
to make sure that there is a logic behind the reasoning that leads to the conclusions of the 
research (Gibbert, Ruigrok, & Wicki, 2008). The only measure regarding internal validity that 
has been used in this study is theory triangulation as multiple theories has been used to analyze 
the findings.  
 
External validity is often referred to as generalizability, i.e. how well the findings of the specific 
research can be used to explain phenomenon in other settings (Gibbert, Ruigrok, & Wicki, 
2008). Case studies are not considered to be particularly efficient in achieving generalizable 
results, at least not statistical generalization. Analytical generalization deals with translating 
empirical observations into theory (Gibbert, Ruigrok, & Wicki, 2008). This is done by breaking 
down the case study into more generalizable components, thereby creating a sort of base for 
theory (Yin, 2002). The case study performed in this research may not be enough to get a full 
understanding of the role of battery supported EV charging infrastructures all over the world. 
However, by generalizing the study it may give some insight and guiding regarding EV 
adoption in some European cities apart from the studied case of Swede. To further increase the 
validity more data-driven assessments needs to be made for a large number of potential 
locations for a battery supported EV charging solution.  
 
The final test is reliability, which has the objective of making sure that if the research were to 
be performed again by another researcher, he/she would end up with the same findings and 
conclusions (Yin, 2002). To perform reliable research two keys are transparency and 
replication. To allow for replication there needs to be a transparency regarding how the case 
study was conducted. Transparency can be achieved by having a case study database and a case 
study protocol (Gibbert, Ruigrok, & Wicki, 2008). As a large part of the research is based on 
primary qualitative data it might be difficult to replicate it since the interviewees have specific 
opinions and thoughts given the context that was present when the interview took place. The 
methods used have been described in the study, acting as the case study protocol.     
 

4.7. Ethical aspects 
There are four main principles that researchers should follow according to The European Code 
of Conduct for Research Integrity. These are reliability, honesty, respect and accountability 
(ALLEA, 2017). The research process has aimed to follow these principles by informing all 
interviewees and other informants the purpose of the research and their contribution. The 
principles have also been sought for regarding the secondary sources by describing the 
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methodology and literature review in the most transparent way possible. All that have 
participated with data that has been used in the report has been sent a draft for review. Data and 
company names have been masked where needed and wished for.     
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5. Research findings 
This chapter presents the collected data. The results are based on coding of interviews and a 
conference together with findings from secondary sources. The outline of the chapter is divided 
into identified patterns. These patterns are charging behaviors and EV usage, grid impacts, 
public charging in Stockholm, battery dimensioning, components and design concepts, solution 
energy losses, and battery characteristics.  
 

5.1. Charging behaviors and EV usage 
PowerCircle state that home charging accounts for 50-90% of current EV charging (Lakso, 
2019). A study that specifically focused on Stockholm showed that 77% of the respondents had 
access to charging at home and 47% had access to charging at their primary place of work 
(Stockholm Stad, 2018). Some actors indicate that normal-charging (slow-charging) at home 
or at work is expected to account for 69% of all charging in future scenarios as well (Bengtsson, 
et al., 2018). Others see an increased need for public charging as EVs drop in price and reach 
customers without access to home charging (Engel, Hensley, Knupfer, & Sahdev, 2018). This 
logic has been applied in Norway, the world-leaders regarding national market share of EVs in 
their vehicle fleet. In Norway an emphasis has been put on deploying public fast chargers to 
provide all EV owners with reliable charging (Lunde, 2019). However, some indicate that this 
logic does not apply to Sweden as the parking spots per household ratio is quite high today, 
meaning most people have access to private parking (CEO, Mobility46).  
 
Home and work charging (destination charging) are rather cyclical regarding charging patterns 
since people plug in their EV when coming home from work in the evening or when arriving 
to work in the morning (Business Developer, EasyPark). The charging powers utilized in these 
settings are usually lower due to longer charging times (Sales Manager, Chargestorm). This 
provides a suitable load profile for incorporation of batteries as it provides periods of time 
during which very few cars are charged, making room for re-charging of the stationary battery 
storage without needing an increased power supply from the grid connection point. This means 
that a battery supported charging solution can lower the cost of the power subscription paid by 
the owner of the building, especially since the majority of home-charging is taking place in the 
evening when the overall demand is at its highest (Morrissey, Weldon, & O'Mahony, 2015). 
Despite this logic the economic barriers prevent battery storages from being beneficial in 
Sweden today (Business Developer, Garo). However, with regulations changing towards tariffs 
based on actual power outtake rather than set subscription levels (Hansson, Johansson, & 
Normark, 2014; Wemming, 2019) the case for battery supported EV charging is set to change 
within residential and workplace applications. Another area that is connected to the cost of the 
system is the cost of charging your EV. Charging electricity is cheaper than fueling up with 
gasoline or diesel, especially when charging at home or at work (Söderholm, 2018; E.On, 2019; 
The Climate Group, 2019).  
 
Fast-charging along highways has been the focal point of the public EV charging roll-out thus 
far. It has been used to reduce the range anxiety of EV owners and potential buyers. Due to this 
approach the highway charging network of 50 kW chargers is quite sufficiently built-out 
already. (Business Developer, Garo) Fast-chargers are relatively expensive to deploy and 
demand a high usage rate to be profitable on their own (eMobility Sales, ABB). The charging 
patterns of highway stations and their financial performance is further contextualized in an 
example by a business developer at Garo: 
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“Yesterday I drove home from southern Sweden, a total of 470 kilometers. The range of my 
EV is 350-400 kilometers, meaning I will only charge about 70 kilometers at the highway 
station since it is cheaper to charge at home.” (Business Developer, Garo) 
 
Further, studies have showed that fast-charging is more frequently used closer to home rather 
than during longer trips (Neaimeh, et al., 2017; Nicholas & Hall, 2018). It has been showed that 
public charging stations near cities has proved to be an efficient way of decreasing range anxiety 
and thus increasing miles travelled by EVs (Mathieu, 2018). One study shows that fast-charging 
stations near cities increase the annual travelled EV distance by about 25%, even if the actual 
usage rate is as low as 5% (Howell, Boyd, Cunningham, Gillard, & Slezak, 2017). 
 
In a quantitative study performed in Stockholm several public normal and fast chargers were 
studied. The study showed that most public charging sessions takes place in parking garages 
equipped with normal chargers. The second most sessions are logged at fast charging stations 
on street level, followed by normal charging on street level. For normal charging most users 
charge less than 10 kWh per charging session and for fast charging most users charge under 25 
kWh per charging session (Stockholm Stad, 2018). Similar observations were made in a study 
performed at the Royal Institute of Technology (KTH) where collected data showed that the 
total energy transfer from seven studied fast charging stations was roughly equal to the energy 
transfer of the 253 studied normal chargers (Georén, Ling, & Langbroek, 2017). Additionally, 
a survey performed in Stockholm showed that all respondents wanted more fast charging 
stations. The primary spots that were wished for was shopping centers, larger parking 
establishments, along highways and outside of densely populated areas. (Stockholm Stad, 
2018). In an interview with EasyPark similar patterns are identified as they have seen that public 
charging is usually taking place during shorter periods of time (Regional Manager, EasyPark).  
 
Another aspect regarding charging behaviors is the development of EVs. The trend regarding 
EVs is pointing towards battery packs with higher capacities, making the range of EVs 
increasingly more similar to the range of ICE vehicles (Business Developer, EasyPark; Engdahl 
& Holmberg, 2017). Despite the fact that most chargeable vehicles in Sweden does not support 
DC charging today (see Figure 5) the overall trend for charging is moving towards DC charging. 
Volkswagen is set to release a DC-based home charging system in 2021 to align with residential 
batteries and electricity production from residential solar panels (Granfors, 2019). AC-charging 
is handled by the on-board charger of the vehicle. The capacity of the on-board charger 
determines at what charging speed an EV can be charged with AC-power. Today the weighted 
average size of on-board chargers of full EVs in the Swedish vehicle fleet is 10,2 kW and about 
3,6 kW for PHEVs (PowerCircle, 2019). DC charging is different as it bypasses the on-board 
charger, connecting the charging station directly to the battery pack (Engdahl & Holmberg, 
2017). This means that the limiting factor regarding charging speed is the composition, 
organization and performance of the individual battery cells (Electrical Design Engineer, 
Northvolt; ZVEI: Die Elektroindustrie, 2013). 
 

5.2. Grid impacts 
The rise of electric vehicles is not considered to be hindered by a shortage of energy in Sweden 
(Energimyndigheten, 2018). Instead, some argue that we are facing difficulties in distributing 
the electricity as the demand for power is set to increase, in part due to an electrification of the 
vehicle fleet. It is also argued that the local distribution systems are most vulnerable in meeting 
an increased power demand. (Professor, Luleå Tekniska Universitet; Kristensson, 2018) The 
issues stem from the fact that the electricity distribution system (the dominant design) now has 
to adapt to urbanization, changes in industry, an increased number of producers of electricity, 
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user flexibility and electrification of transport (Nordling, 2016; Northvolt, 2019). Other 
identified impacts are system assets overloading, voltage regulatory limit violations, probable 
grid instabilities, and increased power losses (Professor, Luleå Tekniska Universitet; 
Dharmakeerthi, Mithulananthan, & Saha, 2014). Further, higher charging powers have a 
stronger grid impact than slower charging, partially related to higher power outtakes (WSP, 
2018).  
 
Currently some actors address power supply issues by utilizing load sharing and smart steering 
for charging EVs. In multiple-family homes such as apartment buildings load-sharing is used 
to avoid over-outtakes from the connection point. Some actors argue that a massive adoption 
of EVs will render this option non-functional as every individual EV will receive relatively low 
charging powers (Business Developer, Garo). Even though this approach is functional in a lot 
of instances it is sometimes considered to be more focused on “curing the symptoms rather than 
solving the problems” (Business Developer, EasyPark).  
 
Home charging in single-family households could potentially lead to issues if everybody 
charges their vehicle during the same time frame as the overlaying grid station usually is not 
dimensioned to support all household’s maximum power subscription simultaneously 
(Deployment Manager, E.ON). More densely populated areas are also a cause for concern. 
Stockholm is one example where the grid infrastructure cannot support the current overall 
growth rate (Heick, 2019). Stockholm’s situation is of particular interest as several electricity 
generation plants are set to close down before 2030. This means that the reliance on electricity 
from external power grids will increase. As of today, the external electricity supply cannot 
support the city at all times. Grid strengthening can increase the city’s capability of importing 
electricity from the overlaying national grid. The problem with conventional grid strengthening 
is that it takes 15-25 years from when the decision is made until a project is carried out. (WSP, 
2018)  
 
As of today, the 50 kW fast-charging stations along highways are not causing any major 
tensions for the Swedish grid. However, when the number of charging stations increase and/or 
are complemented or replaced by 100-150 kW chargers the situation is expected to change and 
put more stress on the grid (Business Developer, Garo). In the Unites States and the United 
Kingdom more rural areas (such as highway locations) experience the biggest issues regarding 
power supply for EV charging (Nicholas & Hall, 2018).  
 

5.3. Public charging in Stockholm 
It is difficult to strengthen grids within urban areas at the same pace as the overall growth rate. 
Conventional grid strengthening within urban grids is a complex, expensive and time-
consuming activity due to regulatory constraints, availability of space, obstruction of traffic, 
etc. In Stockholm new customers (industrial, housing projects, infrastructure projects) run a 
risk of not being able to connect to the grid, as early as in 2021. In this particular example the 
issues stem from the fact that the connection points between the nationwide transmission grid 
and the underlying regional grid cannot support the power flows that the city of Stockholm 
demands. (Heick, 2019) Due to these circumstances, grids within cities are the most urgent and 
pressing concern for EV charging (Business Developer, Garo), especially since the cities with 
its surrounding suburbs are expected to drive the change towards electrification of transport 
(Alenius, 2019). This is partly related to the fact that cities are the destinations of many long 
trips as well as the location of most on-street parking, creating a need for public charging 
(Mathieu, 2018). At the same time urban areas have much to benefit from going electric as the 
EVs lower carbon dioxide emissions and reduce levels of air and noise pollution (Lindén & 
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Sahlén, 2018). An additional driver regarding cities and their transition towards emission free 
transportation is the legislation on environmental zones (miljözoner). These zones set standards 
for what type of vehicles that are allowed in each zone level, ranging from 1 to 3, where 3 is 
the most rigid (Transportstyrelsen, 2019). In 2024 it is expected that large parts of cities will be 
environmental zones on level 3 in Sweden (WSP, 2018), meaning only zero-emission vehicles 
will be allowed (Transportstyrelsen, 2019).  
 
Cities have limited access to space, which is a concern for public charging infrastructure. A 
wide-scale roll-out of normal charging stations would mean that everybody in need of public 
charging has to find a station and be parked there until their entire charging needs are fulfilled. 
A large number of public charging stations will for example limit the available space for cyclists 
and pedestrians as well as access for snow clearance (Business Developer, Garo). Further, 
Stockholm Stad has stated that no longitudinal parking spots should be used for public charging 
as it requires a lot of space for implementation. Another concern with longitudinal parking is 
that the location of the plug-in outlets of the vehicles varies dependent on the car model. This 
might lead to vehicles parking against the general direction of travel for a given street. 
(Stockholm Stad, 2016) Stockholm Stad has estimated that 15 000–25 000 public charging 
stations are needed in 2030 to enable an electrification of passenger cars in Stockholm 
(Stockholm Stad, 2017). Simulations performed by WSP shows that just under 19 500 public 
normal charging points are needed to support a full electrification of Stockholm, which is in 
line with Stockholm Stad’s estimate. The simulation is based on a total of about 79 100 cars 
travelling in and out of Stockholm today. If all of these are converted to EVs during the next 
decade they are considered to be in need of public charging to some extent. According to the 
same simulation the number of ultra-fast charging points (350 kW) needed to support the same 
number of EVs is 64. If the charging speed is reduced to 150 kW it would take 145 charging 
points and for 50 kW charging it would need 406 charging points (WSP, 2018). The world 
leaders in EV adoption, Norway, has set up a guideline saying there should be one fast charger 
(at least 50 kW) per 125 EVs (Lunde, 2019). This would amount to 633 charging stations in 
Stockholm (at 79 100 EVs).  
 
The total cost (civil works, grid strengthening, hardware) of installing one normal-charging 
point is 7 000-20 000 SEK. For a fast-charging station the costs range from 200 000-550 000 
SEK. (PowerCircle, 2019) Other cost estimates for fast charging at 150 kW indicate total costs 
of €152 750 (Mathieu, 2018) (approx. 1,6 million SEK). Ultra-fast charging stations are in 
earlier development stages at the time of this study. If we consider cost to be linear per kW 
compared to the 150 kW cost estimate they would cost approximately €350 417 (approx. 4,7 
million SEK). The cost of rolling out the public charging needed in Stockholm is presented in 
the table below. The total cost is found by using the estimate for the needed number of charging 
points made by WSP.   
 
Table 6 - Cost estimate of charging stations in Stockholm. Including costs for civil works, grid strengthening and hardware. 

Charging type Cost per charging 
station [SEK] 

Number of charging 
points needed Total cost [SEK] 

Normal charging AC 3,7-22 kW 7 000 - 20 000 19 500 136 500 000 - 390 000 000 

Fast charging 50 kW 200 000 - 550 000 406 81 200 000 - 223 300 000 

Fast charging 150 KW 1 597 765 145 231 675 925 

Ultra-fast charging 350 KW 3 728 118 64 238 599 573 
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The costs for different chargers vary greatly as the total cost of installing charging stations vary 
dependent on the specific location. As the number of installations increase the effort and cost 
of installing additional charging stations increase (Lunde, 2019). The estimated grid connection 
cost (grid strengthening) of connecting a 150 kW charger is €86 250 (approx. 0,9 million SEK) 
for European cities (out of a total cost of around 1,6 million SEK, see Table 6). This estimate 
is considered to be conservative as the author indicate that grid capacity is expected to be 
abundant in cities and urban areas. (Mathieu, 2018).  
 
Some indicate that the cost of installing a normal charging station is about 10-20% of the cost 
of installing a fast charging station due to lower grid impacts (Roland Berger, 2019). For fast 
chargers the actual hardware is only a portion of the cost. A study evaluated three sites for fast 
charging in Ottawa. Installation costs of fast chargers were estimated for three different sites 
(see Figure 13). The estimates for installation cost per chargers was found by evaluating the 
costs of installing 4 or 8 charging stations of either 50 kW, 100 kW, 150 kW or 400 kW at the 
three different sites. (Nicholas & Hall, 2018)   
 

 
Figure 13 - Estimated costs of installation of chargers at three different sites (A, B and C). (Nicholas & Hall, 2018) 

 

5.4. Battery dimensioning 
To understand what type of charging a solution needs to support an understanding of charging 
and driving patterns have been studied. In 2017 Swedish people drove about 35 km per day 
(Myhr, 2018). Given that the current average consumption of BEVs is 16,54 kWh/100 km (see 
Table 1), the daily need for energy to drive an EV is about 5,8 kWh/day on average5. However, 
the average consumption is based on values listed by manufacturers which are often criticized 
for being inaccurate compared to real driving conditions (Söderholm, 2018). Despite potential 
inaccuracies the logic suggests that the need for a full charge is quite rare as the EV is usually 
plugged in either when coming home or arriving to work (eMobility Sales, ABB). A study by 
Trafikanalys shows that 77 006 trips were made in and out of Stockholm per day at the time of 
the study (2009). The same study showed that these daily trips in and out of the capital of 
Sweden amounted to a total of 4 995 000 kilometers per day, averaging out to around 65 
kilometers per trip and day. About 60% of these commuters travelling in and out of Stockholm 
do so by car. (Saxton, 2011) The average of 65 kilometers is per trip, resulting in a roundtrip 
total of 130 kilometers. In Stockholm some of the surrounding suburbs such as Södertälje, 
Danderyd, Sigtuna and Solna has more people travelling into the area than out of it on a daily 
basis (Saxton, 2011), meaning they have a high share of commuters working in the region.  
 
                                                
5 
GH,HI	JKL
GMM	JN

= 0,1664	3+ℎ/3P, 35	3+ℎ/Q.2 ∗ 0,1664	3+ℎ/3P = 5,789	3+ℎ/Q.2	 
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As mentioned before, approximately 77% of EV owners in Stockholm have access to home 
charging and 47% have access to charging at their primary work location (Stockholm Stad, 
2018). A full-time work day lasts for 8 hours in Sweden (Expertvalet, 2017), during which an 
EV can be charged. However, a study of EV charging at workplaces and at home in Stockholm 
provides another perspective (see Figure 14). The locations studied in the report indicate that 
workplace charging occurs during relatively short periods of time during the morning, between 
6 am and 11 am. For the studied locations home charging is more spread out but mainly between 
5 pm and midnight. (Hamrén & Koch, 2018) 
 

 
Figure 14 - Power curve for the day with highest load from EV charging during a year. Blue indicates home charging and red 
indicates workplace charging (Hamrén & Koch, 2018). 

For public charging the scenario is somewhat different. As mentioned before the public 
charging in Stockholm takes place either in parking garages or at on-street parking locations. 
For normal charging most sessions charge less than 10 kWh and for fast charging most sessions 
charge less than 25 kWh. (Stockholm Stad, 2018) It has also been identified that public normal 
charging stations see a sharp increase in the number of sessions between 5 and 6 am. This 
increase is followed by a decline during the day and a new peak in usage at 4 pm. After 4 pm 
the usage goes down and is low between 11 pm and 3 am (see right part of Figure 15). Unlike 
normal chargers the fast chargers are utilized throughout all hours in a day. However, usage is 
quite low during the late evening and the night followed by an increase in usage which starts 
between 6 and 7 am. The identified peak in usage of fast chargers take place at around noon on 
average (see left part of Figure 15). Most of the fast charging sessions are shorter than 30 
minutes and most of the logged sessions are between 20-30 minutes long. (Georén, Ling, & 
Langbroek, 2017) 
 

 
Figure 15 - Time for start of charging for fast charging (on the left) and normal charging (on the right). (Georén, Ling, & 
Langbroek, 2017) 
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To further understand charging patterns at public charging stations a data set provided by 
Mälarenergi containing minute-based power outtakes from a site with public charging in 
Sweden has been studied. The data was collected over the course of one and a half months in 
2019. The site includes 8 normal chargers at 22 kW and 1 fast charger at 50 kW, all connected 
to the grid. In Figure 16 we see the power outtake per minute for the Swedish public charging 
site, providing some insight regarding EV charging patterns at the site. The power outtake is 
measured for the network station which all the charging stations are connected to. The total 
energy transferred for the charging stations during the studied period is about 5980 kWh, 
equivalent to about 2,2 kWh/day.  
 

 
Figure 16 - Power outtake per minute at a site with 8 normal chargers (22 kW AC) and 1 fast charger (50 kW DC). 

An existing charging system in China includes a battery solution with a total capacity of 200 
kWh. The battery solution is connected to a 50 kW solar PV system as well as 4 charging 
stations that provide about 4 kW of AC-charging each as well as 8 fast charging stations, all 
providing 100 kW DC-charging. (Model & Simulation Engineer, Northvolt) Another example 
is Volkswagen’s recent release of a battery supported charging system. It has a total capacity 
of 360 kWh and they estimate that capacity is enough to fully charge 15 EVs (=24 kWh/EV at 
full discharge). The solution has a possibility of charging 30 kW from the grid and has a total 
of four charging outlets; two outlets provide AC-charging at 22 kW and two provide DC-
charging at 100 kW. (Volkswagen, 2018)  
 
Fast charging at 50 kW is the most common at current fast charging stations (Business 
Developer, Garo). However, large-scale developments are made towards >350 kW charging 
around the world (Nicholas & Hall, 2018). Very few vehicles support charging at these high 
levels today as it demands a higher voltage than present battery packs have. However, the 
charging station can still charge vehicles as long as the voltage of the EV’s battery pack is 
within the voltage range of the charger. One example is ABB’s Terra HP charger that provides 
a maximum of 350 kW and has a voltage range between 300 and 900 V (ABB, 2018), which 
can support EVs with a common battery pack voltage of 400 V. This is the main reason to why 
PHEVs does not support fast charging, their battery packs are too small to build up a pack 
voltage that is high enough for fast charging. 
 

5.5. Components and design concepts 
The component structure differs depending on whether the system is providing AC or DC 
charging. Since batteries charge and discharge DC a converter is needed to enable charging of 
the battery with power supplied by the electricity grid which supplies AC power 
(Energimarknadsbyrån, 2019) as well as an inverter to power AC loads. The battery could also 
be discharged to inject power to the grid. One example of this is providing power to the 
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frequency containment reserves markets (FCR-N and FCR-D) that act to keep the frequency of 
the alternating current stable around 50 Hz (Svenska Kraftnät, 2019). In Sweden these markets 
demand a minimum of 100 kW to participate in the bidding process (Svenska Kraftnät, 2019). 
The power for frequency regulation needs to be active for as long as the frequency is deviant 
or until the power source runs out of energy. However, the minimum bidding duration is one 
hour. (Svenska Kraftnät, 2019; European Union, 2017) 
 
If the batteries provide power flows for DC loads a DC/DC component is needed between the 
batteries and the DC load to ensure matching voltage levels and control the output from the 
battery (Electrical Design Engineer, Northvolt). 
 
There are two identified ways of structuring the battery solution. The batteries can either be 
placed together with each individual charging station (decentralized) or serve multiple charging 
stations (centralized) (Technical Account Manager, Northvolt). One main difference between 
a centralized and decentralized concept is the number of components. For centralized system 
there will only be one AC/DC rectifier instead of one per decentralized ESS system. There will 
also be more extensive cabling in the decentralized version. In Figure 17 and Figure 18 the 
different concepts are sketched-out.  

 
Figure 17 – The leftmost image depicts a centralized concept with one AC/DC rectifier and one DC/DC converter for each 
charging station. The image in the middle depicts a decentralized system with one AC/DC rectifier and one DC/DC converter 
per charging station. On the right is a decentralized concept with one AC/DC rectifier per charging station. The DC/DC 
converters are connected to the other battery solutions (ESS) to create a DC system that enables sharing of energy between 
the batteries (ESS) of different charging stations. 

 
Figure 18 – The leftmost image depicts a centralized concept providing several charging points within AC-charging via several 
DC/AC inverters. The battery/energy storage system (ESS) is recharged through one single AC/DC converter. The image in the 
middle depicts a decentralized system with one DC/AC inverter and one AC/DC converter per charging station and ESS. The 
rightmost image depicts an alternative system with DC/DC converters to connect the individual solutions through a DC-link.  

The centralized concept will share the energy among the connected charging points. For the 
decentralized concept to be effective it needs to work in a similar manner, sharing energy 
between the separate battery solutions. Within the presented concepts there are two ways of 
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doing this. Either by sending energy backwards, passing through two AC/DC converters or by 
sending it through the DC/DC modules to the batteries located at another charging station. The 
components illustrated above yield losses and have certain costs. To provide an estimate for the 
difference in cost for the different concepts a cost estimate has been found. Batteries are 
expected to cost 4000 SEK/kWh (Business Development Director, Northvolt). The cost of the 
AC/DC components is expected to be 1,58 SEK/W based on quotes from a confidential source. 
Other estimates indicate that the cost for AC/DC components is around 2 $/W (Business 
Development Director, Northvolt). The cost of DC/DC components is based on the price of a 
DC/DC component developed for EV charging. It is bi-directional and has a voltage range of 
150-750 V on the high side and a range of 50-600 V on the low side. It supports continuous 
power output up to 180 kW and cost $26 506, which is 0,147 $/W or 1,41 SEK/W. (BRUSA, 
2019; Metric mind, 2019). An additional cost source for a centralized solution is that it has to 
be placed somewhere. Residential on-street parking in Stockholm costs 1 100 SEK per month, 
a total of 13 200 SEK per year (Stockholms Stad, 2019).  
 

5.6. Solution energy losses 
One study has shown that the roundtrip (charging and discharging) efficiency of li-ion batteries 
(lithium titanate based battery) is about 88% when stacking 10 battery cells in series. The same 
study mentions that substantial losses are found in the connections between the battery cells (Li 
& Jet Tseng, 2015). This means that bigger systems built up of a larger number of connected 
cells are likely to induce more substantial losses than smaller systems. Other actors estimate 
that the efficiency of a battery solution is around 90-95% (Technical Account Manager, 
Northvolt). The two sources refer to two different types of li-ion battery chemistries, but it 
provides some insight regarding the range of efficiencies. When estimating the losses for the 
battery solution in this research smaller systems will be expected to have a higher efficiency 
(95%) while larger systems will have a lower efficiency (88%). The efficiency is expected to 
decline linearly with respect to the installed capacity (kWh) as it correlates with the number of 
cells.  
 
Other components that cause losses are DC/DC components and inverters/converters. In 
general, the components are designed for its purpose, meaning they can provide high 
efficiencies given that they are built for the voltage levels they will operate within (Electrical 
Design Engineer, Northvolt). Some indicate that efficiencies for DC/DC components are 
around 90-95% while some consider efficiencies to be as high as 97% (Lead Engineer Business 
Development, Northvolt). However, it can be considered better and more efficient to go from 
high voltage to high voltage (Electrical Design Engineer, Northvolt), which provides a range 
of losses in the modelling process. The majority of current EVs charge their batteries at around 
400 V (ZVEI: Die Elektroindustrie, 2013). When modelling the losses for the battery systems 
the configurations with a possible voltage output of 400 V will render higher DC/DC 
efficiencies (97%) while applications that require an increase of the voltage level will lead to 
lower efficiencies (90%). The losses are expected to be linear with respect to the voltage level. 
This is with accordance to Ohm’s law: 
 

5STUUVU = 7 ∗ 8 
 
For the AC/DC components the efficiency is expected to be around 97-98% when operating 
within the right operational dimensions (regarding current and voltage) and 95% otherwise. 
AC/DC components cause conductive losses as well as switching losses. The conductive losses 
are caused by the voltage drop over the component. The losses are expected to be somewhat 
linear with the voltage drop over the component. The switching losses are dependent on how 
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fast the component is switching the current. These losses are expected to be linear with the 
voltage drop over the AC/DC component. (Electrical Design Engineer, Northvolt)  
 
Cabling losses are also considered and calculated by using the following formulas: 
 

(STUUVU = . ∗ W ∗ 8XY 
 

W = Z ∗ [G ∗ \/' 
 

[G = [M ∗ ]1 + _( G̀ − M̀)b 
 

∆< = Z d[G ∗
\
'
∗ cosh + i ∗ \ ∗ sinhl ∗ 8X 

 
In the first equation . is a coefficient that is 1 for a single line and 3 for a three-phase circuit, 
W is the resistance, and 8XY is the current. In the second equation the resistance (W) is found. The 
variable Z is the length cable factor (Z = 2 for single-phase, Z = 1 for three-phase), [G is the 
resistivity in Ω.PPY/P, \ is the cable length and ' is the area of the cable cross section in 
PPY. The resistivity ([G) is found in the third equation. The variable [M is the resistivity of the 
selected material at a reference temperature ( M̀), _ is the temperature coefficient per degree 
celsius and G̀ is the operational temperature of the cable. In the last equation the voltage drop 
(∆<) over the cable is calculated. The variables cosh and sinh determine the power factor (for 
pure resistive loads cosh = 1), i is the reactance per length unit (default value of 
0,00008	Ω/m). (Photovoltaic Software, 2019) 
 
These findings on losses are used to estimate the energy losses for the different systems in the 
energy losses model described in section 4.5.2, sub-chapter Energy losses estimate.  
 
5.7. Battery characteristics 
The batteries that can be expected to be used for these types of solutions are built up by putting 
individual battery cells into modules that go into battery racks. Each module has a voltage of 
about 50 VDC and a capacity of about 10-12 kWh. Batteries are further limited by their possible 
C-rates. C-rates for charging and discharging of batteries refer to the relationship between the 
energy storage capacities and the charge/discharge power of the battery cells. A 1C discharge 
rate means that the battery can be fully discharged in one hour. A 0,5C charging rate means that 
the battery can be fully charged in two hours. (MIT, 2008) It has been showed that higher C-
rates and voltages cause more rapid aging of the battery cells, i.e. reduction of available 
capacity. (Gao, et al., 2017) There are different types of battery cells that are optimized for 
different purposes. For example, a power configuration is geared towards higher discharge C-
rates and fewer charge and discharge cycles while an energy configuration is optimized for 
lower C-rates and longer lifetime, i.e. more charge and discharge cycles. It can be expected that 
a battery cell with an energy configuration and low charge and discharge C-rates will provide 
roughly double the number of cycles that a battery cell with a power configuration with higher 
charge and discharge C-rates can provide. (Business Development Director, Northvolt) 
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6. Analysis/discussions 
6.1. Research question 1 
The purpose of this sub-chapter is to understand where the battery supported EV charging 
solution can be placed to reduce the tensions on the grid infrastructure while driving the 
adoption rate of EVs. The location does not refer to a specific geographical location, instead it 
refers to a generalized location in the transportation system’s infrastructure. Examples of 
locations are along highways, in cities, at workplaces, in residential settings, etc. The research 
question to be answered in this section is “What are the pathways for battery supported electric 
vehicle charging that can drive the adoption rate of electric vehicles?”.  
 
6.1.1. Transition theory 
The setting for the research can be described by utilizing Geels’ multi-level perspective method 
(see Figure 8). A higher concern regarding pollution and emissions (especially greenhouse 
gases) is formulated at the landscape level. These increasing concerns exert pressure on the 
underlying socio-technical regime which is moving towards an adoption of EVs. This 
development is dependent on the existing electricity distribution infrastructure, which is the 
current dominant design and technological trajectory around which we have developed our 
society. The findings indicate that a wide-spread adoption of EVs will not cause a shortage of 
electricity supply (Energimyndigheten, 2018). Instead it is the capacity related to distribution 
of power that can be a cause for concern for the electricity distribution system (Professor, Luleå 
Tekniska Universitet; Kristensson, 2018). The current charging infrastructure along highways, 
consisting of primarily 50 kW chargers, is sufficiently built out and does not suffer from power 
supply constraints in any major way (Business Developer, Garo). Instead, cities and urban areas 
are more of a concern for the electricity distribution system in Sweden today due to socio-
technical trends regarding urbanization, industrialization and electrification of transport (Heick, 
2019). With higher standards being set for environmental zones in cities (WSP, 2018) the 
number of EVs is expected to rise significantly in these areas. Due to these changes within the 
socio-technical regime the dominant design has to adapt to a larger share of EVs. Furthermore, 
cities and urban areas are expected to drive the overall development towards electrification of 
the transport sector (Alenius, 2019). The electricity distribution system will act as barrier 
towards this development and a battery supported charging infrastructure could help current 
infrastructure to get more adaptable to a large-scale rollout of EVs, especially in city 
environments.   
 
6.1.2. Eco-innovations 
EVs are less polluting (greenhouse gases and noise) and less resource intensive than ICE 
vehicles (Nealer, Reichmuth, & Anair, 2015; Calvo Ambel, Earl, Kenny, Cornelis, & Sihvonen, 
2017). These aspects enable EVs to reduce the environmental impact from the transport sector. 
The question is where the battery supported charging infrastructure can be placed to provide a 
more rapid adoption rate of EVs without creating additional tensions for the grid infrastructure. 
Two strategies for attracting the drivers and avoiding the barriers for eco-innovations is to strive 
for upfront proficiency and have a strong market focus (Pujari, 2006). The most significant 
drivers behind these strategies in this particular setting is expected to be demand from users and 
capturing of new markets. The identified barriers connected to the strategies are economic 
barriers and lack of market demand.  
 
For residential use cases it has been established that it might be difficult to achieve upfront 
proficiency for battery supported home charging in the short term due to current market 
structures (Business Developer, Garo). Implementing battery solutions to support fast charging 
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along highways is expected to struggle regarding short term proficiency as well since the usage 
rates are quite low for highway charging stations today (eMobility Sales, ABB), thus seemingly 
suffering from a lack of market demand. The usage rates are relatively low since the highway 
chargers only serve users that are travelling distances that exceeds the range of the EVs. 
Furthermore, users that do charge at highway charging stations are expected to charge the 
minimum amount of energy needed to get to their destination since it is cheaper to charge at 
home/work (eMobility Sales, ABB). Additionally, charging at a highway charging station 
forces the driver to more actively wait during recharging, whereas charging at home/work is 
taking place while other activities can be performed. At current usage rates the existing charging 
infrastructure match current customer needs, which means that there is no urgent demand for a 
built-out highway charging infrastructure. Further, the benefits of adding battery storages to 
existing charging location along highways are limited as the grid can supply enough power for 
the existing number of charging points at current charging speeds (Business Developer, Garo). 
An increased number of charging stations along with a development towards higher charging 
speeds is expected to create power supply issues for highway chargers. However, unlike fast to 
ultra-fast charging stations near cities (Mathieu, 2018), studies have not showed as strong a 
correlation between increased EV distances driven connected to highway charging stations, 
making it a less interesting case in light of this research. From a market focus perspective, it is 
therefore expected to be more beneficial to implement a battery supported charging 
infrastructure in more urban locations to speed up the overall adoption of EVs today and in the 
near future.  
 
One reason to why cities are expected to pose more interesting cases for an implementation of 
battery supported EV charging it that they are the starting and finishing point for long-distance 
travel. This indicates that there can be a demand for charging stations within cities as well as at 
the perimeter of cities to enable charging for those that does not have access to a specific 
charging point upon arrival or at the time of departure from the city. Additionally, cities are 
expected to drive the adoption of EVs (Alenius, 2019), which makes it likely that the demand 
for EV charging will be the largest within more urban and densely populated areas. It has also 
been indicated that the limitations for installation of charging stations is most significant within 
urban areas (Business Developer, Garo; Sonerud, 2018). The city of Stockholm must cope with 
urbanization and a quick overall growth rate while also striving for an electrification of 
transport. As conventional methods of grid strengthening suffer from long lead-times (WSP, 
2018) they are expected to be too costly and time-consuming to meet the growing demand for 
power, thus creating a more urgent and pressing need for battery supported solutions. 
 
6.1.3. Diffusion of innovations 
To further understand where the battery supported EV charging solution could be most 
successful in driving EV adoption Roger’s theories on attributes of innovations (1983) will be 
used. The specific attributes are written in italics in the text below.  
 
Cities are expected to benefit the most from an electrification of transport due to lowering of 
noise and air pollution (Lindén & Sahlén, 2018), thus yielding a high relative advantage of 
enabling charging of EVs within those areas. However, studies have showed that public 
charging in cities is quite sparsely used (Georén, Ling, & Langbroek, 2017), thereby not 
delivering value at their full potential. As most current EV owners charge their car at home 
(Lakso, 2019; Stockholm Stad, 2018) their compatibility with public charging stations can be 
quite limited, as it deviates from their normal charging behavior. Public charging is also 
expected to add a complexity to charging as you have to locate a vacant charger and actively 
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wait while the EV is being charged. Destination charging at home or at work is expected to be 
more convenient for users as they are occupied with other activities during the time of charging.  
 
Despite the relatively low usage rates of public charging stations it has been showed that public 
charging stations near cities provide an efficient way of decreasing range anxiety and thus 
increasing miles travelled by EVs. Even when the public charging stations are not physically 
used for more than 5% of total charging needs the findings show that the overall distance 
travelled by EVs increases by around 25% in the studied areas. (Mathieu, 2018) This shows the 
importance of the positive mental aspects of public charging which is expected to be linked to 
the observability of public charging. A high observability is beneficial for the overall adoption 
rate of EVs. Despite the expected need for public charging in cities the current usage rates are 
low, which makes it difficult to achieve upfront proficiency (which is one of the strategies for 
market success for eco-innovations (Pujari, 2006)). Even though the mental aspect of public 
chargers near cities and urban areas has a positive impact on travelled EV distance the actual 
usage is low. However, it is expected that public charging will play a more significant role in 
city environments when a certain number of EVs are on the market (Engel, Hensley, Knupfer, 
& Sahdev, 2018). This makes it difficult to test public charging in a limited environment, thus 
limiting the rate of trialability.   
 
Home and work charging differ significantly from public charging. Home and work charging 
(destination charging) are more strictly cyclical regarding charging patterns than public 
charging (Business Developer, EasyPark; Morrissey, Weldon, & O'Mahony, 2015). This means 
that they provide suitable load profiles for incorporation of batteries as very few cars are 
charged during longer periods of time. This makes room for re-charging of the stationary battery 
when there are fewer cars that are being charged. This means that the overall power outtake 
from the grid connection point can be unchanged, despite the an increased share of EVs. The 
relative advantage of utilizing a battery storage in this setting can be substantial as it can lower 
the power subscription cost (i.e. the cost of being connected to the electricity distribution grid) 
or keep it unchanged as the peaks in power outtake stemming from EV charging can be reduced. 
With that said, the potential within this sector differentiates between different facilities and in 
some cases load sharing can be enough to control the power outtake from the grid. However, 
with regulations changing towards tariffs based on actual power outtake (Hansson, Johansson, 
& Normark, 2014) rather than set discrete subscription levels the case for battery supported EV 
charging becomes more beneficial. Incorporating batteries for this type of charging is likely to 
drive the deployment of charging points within residential and commercial buildings as it 
presents a clear economic incentive for the facility owners while also reducing possible tensions 
for the grid. A shift towards an electrified transport sector might also increase the number of 
people that use their car for commuting. The reasoning behind this is that the overall cost of 
usage is likely to drop compared to ICE vehicles since charging of electricity at home or at 
work is cheaper than fueling up with gasoline or diesel (Söderholm, 2018; E.On, 2019; The 
Climate Group, 2019). 
 
To enable a shift towards electrification of the transport sector there is a need for a well-
developed charging infrastructure for residential and commercial facilities since that is where 
most current EV owners charge the majority of their energy need for driving (Stockholm Stad, 
2018). The compatibility of installing charging stations at home or at work is considered 
relatively high as it is the way most people charge their EVs today. Further, the complexity 
related to charging at home or at work is quite low as the EV owners are expected to be occupied 
by other activities during the time of charging. A battery supported EV charging infrastructure 
is likely to increase the flexibility of destination charging since it can enable faster charging 
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powers when needed, something that smart load sharing is unable to provide without causing 
over-outtakes from the grid connection point.  
 
As mentioned before the network of charging stations along highways is quite sufficient today 
(Business Developer, Garo), making the relative advantage of adding batteries to support 
charging along highways quite limited. Incorporating a battery solution with chargers along 
highways can possibly enable faster charging speeds than the ones that are currently provided 
without creating additional tension for the grid. However, as many EVs and PHEVs are limited 
to slower charging speeds today (Power Circle, 2019; Engdahl & Holmberg, 2017) the relative 
advantage and compatibility of this type of solution is limited, at least in the short term. 
Additionally, it has been showed that fast chargers located closer to home are more frequently 
used than the ones at more remote locations (Neaimeh, et al., 2017; Nicholas & Hall, 2018). 
This indicates that the observability might be limited for a solution located along highways as 
they are used quite rarely by the average EV driver. With the overall trend is pointing towards 
longer ranges for EVs the need for fast charging at remote locations is expected to play a smaller 
role in speeding up the adoption rate of EVs in the long term. With that said, a functional 
charging infrastructure for longer trips has played, and will play, an important role for the 
functionality and feasibility of EVs as they enable longer trips. 
 
The analysis and discussions in this section has thus far talked about the attributes of 
innovations. The following section aims to address the market for these solutions by utilizing 
concepts regarding the technology adoption lifecycle (see Figure 9) (Rogers, 1983) and how to 
cross the chasm (see Figure 10) (Moore, 2014).  
 
By targeting specific markets with an innovation, they are more likely to be successful (Moore, 
2014). Selecting a proper target market is expected to play an important role in how destination 
charging and public charging can drive the adoption of EVs in an efficient manner. For 
destination charging it is considered to be more beneficial to target companies that are large 
employers in or near cities where a high share of the employees commutes to work, preferably 
with company cars. Organizations of particular interest are ones where sustainability is an 
important aspect of their culture and vision. By implementing a battery supported charging 
infrastructure for the workers they enable greener commuting without increasing their costs for 
their grid connection. It is expected that larger organizations will attract a larger number of 
potential EV drivers than single residential applications. A larger roll-out at a specific location 
is also expected to increase the need for batteries to lower the overall power outtake, likely 
reducing the total cost of ownership (TCO) of implementing charging stations for employees. 
In general, the TCO is expected to be more carefully considered and monitored within an 
organization, for which proficiency is a key aspect, than for residential applications.  
 
By introducing a company wide availability of workplace destination charging a movement can 
be created within the company. This allows early adopters of EVs within the company to 
pressure their pragmatist (early majority) and conservative (late majority) colleagues into 
adopting EVs. In general, the pragmatists and conservatives do not listen to visionaries (early 
adopters) and technology enthusiasts (innovators), but as they are colleagues within a company 
with a drive towards sustainability the chances of successful communication are expected to be 
higher. As the company is providing the charging infrastructure in this scenario it does not 
require any significant input from the end-users to change from ICE vehicles to EVs. This is an 
additional aspect that is likely to be appealing for pragmatists and conservatives as it reduce 
the need for individual efforts in making a shift in their behavior, which is considered beneficial 
(Moore, 2014). 
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Upon selecting the target market, the launching strategy is important (Moore, 2014). When 
launching the concept companies that are located within the areas where more people are 
travelling into the area than out of it on a daily basis are considered most suitable for this type 
of roll-out as they are expected to employ a lot of commuters. In Stockholm these areas are 
Södertälje, Danderyd, Sigtuna and Solna (Saxton, 2011). Swedish truck manufacturing 
company Scania is located in Södertälje (Scania, 2019) and could possibly be well-suited for a 
company-wide roll-out of a battery supported EV charging system. Another area of interest is 
Solna which is the home of many different companies and located just outside Stockholm’s city 
center. The biggest private employer in Solna is the construction company NCC 
(Ekonomifakta, 2018), which could be an interesting company to target regarding EV charging 
infrastructure as they have a strong drive for sustainability (NCC, 2019).  To create the needed 
internal movement within the companies it is believed that the solution needs to be adopted on 
an organizational level. It is therefore suggested to approach enterprise executives or 
department heads to ensure that the access and usage of the solution is not limited to certain 
individuals within the companies (Moore, 2014).   
 
For public charging the case is different as the distribution channel is likely to be more closely 
connected to the end-users that are currently relying on home-charging for the majority of their 
charging needs. This is expected to change as the number of EVs owned by middle- to low-
income households increase (Engel, Hensley, Knupfer, & Sahdev, 2018). This will yield a 
bigger fleet of EVs that are owned and operated by individuals without access to off-street 
parking to the same extent as current EV owners. This transition is anticipated to happen over 
the course of the next decade in Sweden (Andersson & Kulin, 2019), creating a higher demand 
for public charging. However, to meet future demands the solution has to precede the market 
by identifying a current beachhead segment with a need for charging within and near cities 
today. When positioning a new product in the market place it is important to identify market 
and product alternatives (Moore, 2014). For the battery supported charging system the market 
alternative could be current gas stations. A functional public charging infrastructure could 
provide the same service but for EVs instead of ICE vehicles, which solve the core concern 
regarding environmental impact on the landscape level. The product alternative is destination 
charging since a larger share of EV owners are expected to have limited access to destination 
charging in the near-future. A functional public charging system could match the services that 
destination charging offers today. 
 
Carsharing services can be a good segment to target initially. Aimo is a car-sharing service with 
a full electric fleet of vehicles in Stockholm that offer certain locations where their EVs can be 
parked and charged (Aimo, 2019). By installing battery supported charging stations at the Aimo 
parking locations the power outtake for charging can be reduced. As the usage increases the 
need for sustainable and reliable charging at the locations will be crucial to be able to offer 
enough state of charge for the end-customer when they start their journey. Aimo would not 
necessarily include the battery supported charging as part of their business, but they can play 
an important role in understanding where the solutions can be placed to provide the most value 
for their customers. The owners of the solution would be the companies that provide the parking 
locations for the car-sharing service. By implementing a battery supported charging solution 
the peak power outtake can be reduced, which will lead to monetary savings for the parking 
operator which can translate to lower cost for the car-sharing service. It will also provide 
knowledge and learnings for the grid owner at the parking locations that will be valuable when 
a larger-scale roll-out is necessary in the succeeding years. When launching this type of 
solution, it is suggested to perform pilot studies that include department heads and engineers 
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within different organizations (carsharing company, parking operator and utility owner). This 
is expected to best reflect the needs and demands by all actors that will benefit from the 
implementation of the battery supported charging solution in the end.  
 
A car-sharing service is an extreme case when it comes to charging as the vehicles are less idle 
than vehicles driven by single individuals. By providing a dependable public charging 
infrastructure for car-sharing services within cities it can prove the concept of public charging 
for EVs which can translate into a more rapid adoption rate among the groups without access 
to home or workplace charging.  
 
6.1.4. Summary research question 1 
By focusing on two pathways a cannibalization between solutions is avoided. The workplace 
charging solution will serve the charging needs for employees of companies, reducing their 
need for home-charging. The public charging solution will serve car-sharing services as well as 
other EV owners without access to destination charging (individual EV owners, taxi companies, 
etc.). The two pathways have the potential to serve the majority of the market without having 
to market and sell the solution to individual home owners, which are expected to require larger 
sales efforts as single individuals have to make the purchasing decision (Moore, 2014).  
 
The beachhead segments mentioned here are expected to translate into a wider adoption of EVs 
as they verify the functionality of EV charging. A successful implementation at a few 
companies can translate into a wider adoption across multiple companies in several cities. 
Serving the needs of car-sharing services can translate into higher usage rates of these services 
as well as speeding up the adoption rate among the users without access to off-street parking.   
 

6.2. Research question 2 
The purpose of this sub-chapter is to understand how the battery supported EV charging 
solution can reduce the tensions on the grid infrastructure while driving the adoption rate of 
EVs. This regards overall solution design regarding how the battery pack is connected to the 
charging stations and what charging speeds it should provide. The research question to be 
answered in this section is “How could the battery supported electric vehicle charging be 
designed in order to facilitate charging needs while limiting the peak power outtake from the 
grid for the identified pathways?”. The two pathways regarding charging identified in research 
question 1 will be addressed. These pathways are workplace charging and public charging.  
 
6.2.1. Dimensioning of battery solution 
To be able to discuss how the battery solution can reduce tensions on the grid from EV charging 
we have to understand a bit more about what the systems could look like. In the findings some 
information regarding current charging behaviors and patterns as well as driving patterns where 
identified. These inputs will be used to make an initial dimensioning of the different concepts 
for a battery supported charging solution.  
 
Dimensioning of workplace charging solution 
In research question 1 it was found that workplace charging could be an efficient pathway 
towards an electrification of the passenger vehicle sector. The actual charging needs in a 
workplace setting are expected to vary greatly dependent on the specific user demands at 
different workplaces. The actual usage profiles at a workplace determine the impact on the grid 
infrastructure at the given location. The feasibility is dependent on the overall load profile for 
the on-going operations of the workplace as it helps in understanding when the stationary 
battery that is coupled to the charging station(s) can be charged and how fast it needs to be able 
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to discharge. The dimensioning aims to reduce the peak power outtake stemming from EV 
charging. What needs to be remembered is that the battery cannot reduce the energy needed for 
EV charging, it can only move it in time and reduce the power outtake. As a base case we can 
assume that we have 8 hours of EV charging that occurs simultaneously as the primary 
operations of the workplace since that is when the commuting workers are at the workplace. 
This means that the power supply for EV charging is limited during those hours. This logic 
provides plenty of time for charging during other parts of the day, allowing the battery to 
recharge slowly, which is beneficial for the lifetime of the battery (Business Development 
Director, Northvolt; Gao, et al., 2017).   
 
Since we do not have access to any load profiles of a specific organization, we assume that EV 
drivers are average commuters, i.e. commuting 130 km to and from work during weekdays 
(Saxton, 2011). If all peaks from EV charging are to be eliminated a total of 21,5 kWh per 
charging point is needed6. The incoming power supply from the grid is expected to be 400 VAC 
(Energimarknadsbyrån, 2019), which means it needs to be converted to DC to charge the 
battery. If the battery is expected to be discharged to provide charging for EVs in roughly 8 
hours we are left with 16 hours to recharge it before the next 8 hour period. However, the 
flexibility in the design could possibly benefit from being able to recharge faster when there is 
a need to do so. If we assume that the battery can be recharged in 8 hours the daily energy need 
can be recharged during the nighttime when the overall power outtake is expected to be low. 
Additionally, the nighttime offers lower electricity prices (Ecster, 2018), thus presenting an 
opportunity for further savings for the stationary battery. If a 21,5 kWh battery is to be charged 
in 8 hours a converter that supports 2,7 kW is needed7. To be able to participate in the frequency 
containment reserve markets a total of about 38 units with this configuration is needed 
(summing up to a total of 100 kW which is the lowest allowed bidding size (Svenska Kraftnät, 
2019)).   
 
For daily travels PHEVs are expected to be in need of destination charging to the same extent 
as full EVs. To facilitate the PHEVs the charging stations need to provide AC charging as most 
hybrids does not accept DC charging today (PowerCircle, 2019). The weighted average size of 
on-board chargers for BEVs in the Swedish fleet is about 10,2 kW. For PHEVs the weighted 
average is 3,6 kW (PowerCircle, 2019). According to the assumptions regarding charging needs 
a power supply of 3,6 kW should be enough to handle daily charging needs. This is somewhat 
higher than the expected hourly average need of 2,7 kWh/h but it provides some additional 
flexibility if certain vehicles would be in need of slightly faster charging due to unexpected 
time constraints.  
 
Dimensioning of public charging solution 
Public charging does not follow cyclical patterns as much as workplace charging is expected to 
do. Instead the dimensioning will be based on a quantitative data set, existing solutions and 
previous studies.   
 
The quantitative data set presented in Figure 16 shows the power outtake per minute from eight 
charging stations that provides 22 kW AC-charging and one that provides 50 kW fast charging. 
The highest measured power outtake for the studied period was 86,4 kW. In a model built in 
Excel it was showed that the maximum power outtake could be reduced to 20 kW by 

                                                
6 130	3P ∗ 0,1654	3+ℎ/3P = 	21,5	3+ℎ  
7 21,5	3+ℎ/8	ℎ"pq#	 ≈ 2,69	3+ 
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introducing a 160 kWh battery at the site. The specifics of the model are outlined in Appendix 
II. The total possible power outtake at the site is 226 kW8, which means that a 160 kWh battery 
gives an energy to power ratio of about 0,7 kWh/kW. Worth mentioning is that the site was 
sparsely used during the studied time period (2,2 kWh/day). In the findings an existing Chinese 
solution was mentioned (Electrical Design Engineer, Northvolt). The total possible power 
outtake at that site is 816 kW9 and the battery has a capacity of 200 kWh, providing a ratio of 
about 0,25 kWh/kW. Further, Volkswagen is set to release a battery supported charging solution 
(Volkswagen, 2018). The possible power outtake from that solution is 244 kW10 and the battery 
has a capacity of 360 kWh, yielding a ratio of 1,48 kWh/kW. The battery capacity needed to 
reduce the peak power outtake is expected to vary significantly dependent on the site. The 
studied Swedish location at which a 160 kWh solution could reduce peaks from 86,4 kW to 20 
kW the battery would have an average state of charge of 89,7% for the studied period (see 
Figure 19 and Figure 20), meaning that the full capacity is rarely needed for peak shaving over 
longer periods of time. In these simulations the battery solution was limited to 0,5C discharge 
C-rate, i.e. 80 kW, to enhance the lifetime of the battery.  
 

 
Figure 19 - Power outtake with and without a 160 kWh battery solution for peak shaving. 

                                                
8 8 ∗ 22	3+rs + 50	3+ts = 226	3+ 
9 4 ∗ 4	3+rs + 8 ∗ 100	3+ts = 816	3+ 
10 2 ∗ 22	3+rs + 2 ∗ 100	3+ts = 244	3+ 
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Figure 20 - Battery state of charge (SoC) for the studied period. 

 
For the purpose of this research the average of the three energy to power ratios presented above 
is used, resulting in 0,81 kWh/kW. For some locations this might be too high and for some too 
low. Some degree of peak shaving can always be achieved, but the overall system dimensioning 
has to be adjusted for each given case given the expected load profile and charging speeds. 
With that said, the average ratio can still provide some insight for how different versions of the 
battery solution could affect the impact that public charging of EVs will have on the electricity 
distribution system.  
 
In research question 1 it was found that public charging in cities is most likely to drive EV 
adoption. The findings indicate that fast charging is a better option for public charging than 
normal chargers. The findings showed that one fast charger of 50 kW transfers the same amount 
of energy as 63 normal chargers (Georén, Ling, & Langbroek, 2017), indicating that they a 
more efficiently utilized. Since fast chargers offer shorter charging times, they can serve more 
users. This means that fewer charging stations can serve the same number of users, resulting in 
fewer installations. The WSP study showed that 19 100 normal chargers would have the same 
impact as 406 chargers at 50 kW, 145 chargers at 150 kW and 64 chargers at 350 kW (WSP, 
2018). As available space is expected to be a scarce resource in city environments a smaller 
number of installations could be beneficial.  
 
Shorter charging times allow for people to charge their EV and then park wherever they want. 
For normal charging all EV drivers without access to off-street private parking at home or at 
work would have to charge their vehicle at public charging stations for longer periods of time. 
This is likely to yield a higher demand for a larger number of installations. The cost comparison 
in Table 6 shows that the overall costs of installing normal chargers is higher than the cost of 
installing fast chargers when the higher end of the cost spectrum for normal chargers is used. It 
is expected that the higher cost for normal charging best reflects the cost of an actual roll-out 
as the grid congestion becomes more and more of an issue when the number of installed 
charging stations increase. This is in line with what has been identified in Norway, where the 

0

20

40

60

80

100

120

140

160

180
1

18
88

37
75

56
62

75
49

94
36

11
32

3
13

21
0

15
09

7
16

98
4

18
87

1
20

75
8

22
64

5
24

53
2

26
41

9
28

30
6

30
19

3
32

08
0

33
96

7
35

85
4

37
74

1
39

62
8

41
51

5
43

40
2

45
28

9
47

17
6

49
06

3
50

95
0

52
83

7
54

72
4

56
61

1
58

49
8

60
38

5
62

27
2

64
15

9

kW
h

Minutes

Battery SOC



  

  56 

cost of installing a charging station increases as the total number of installed charging stations 
increase (Lunde, 2019).  
 
Lastly, the survey amongst EV users in Stockholm showed that all respondents wished for more 
fast charging stations (Stockholm Stad, 2018). Furthermore, fast chargers near cities are 
expected to increase the distance travelled by EVs (Mathieu, 2018). With EVs reaching driving 
ranges that are becoming more and more similar to ICE vehicles (Business Developer, Garo; 
Engdahl & Holmberg, 2017) it seems reasonable to deploy fast chargers in or near cities as they 
are the start and end to most longer journeys. As EVs are reaching ranges that are long enough 
to drive from one city to another in Sweden the need for fast chargers along highways is likely 
to become less important. As EVs are able to travel longer on a single charge the possible 
charging speeds are increasing as well. A reasonable charging speed to target initially is 150 
kW as most EVs are expected to be able to utilize that charging speed within the coming years. 
Furthermore, the study of potential fast charging sites in Ottawa showed that the difference in 
installation cost between a 50 kW and a 150 kW fast charger is quite small (Nicholas & Hall, 
2018). This is further validated in Table 6, where we see that the higher end of the cost spectrum 
for 50 kW chargers yield a total cost that is similar to the total cost of implementing 150 kW 
stations. The solution will be solely DC-based since the findings indicate that the charging 
trends are pointing towards a higher reliance on DC-charging in the near future (Business 
Developer, EasyPark).  
 
If we combine the assumptions regarding charging speeds and the average energy to power 
ratio we find that a single 150 kW fast charging station would need a battery capacity of about 
121,4 kWh11.  
 
Volkswagen’s battery supported charging solution provides some insight regarding how fast 
the stationary battery storage needs to be recharged. The Volkswagen solution has a grid 
connection of 30 kW and as the total capacity is 360 kWh the solution can be fully charged in 
12 hours (Volkswagen, 2018). In the studied patterns regarding fast charging in Stockholm the 
hours with low usage is between midnight and 6 am (Georén, Ling, & Langbroek, 2017). This 
provides a window of 6 hours during which the battery can be recharged without increasing the 
power outtake from the grid connection point and is therefore used for dimensioning the needed 
grid connection in this research.  
 
6.2.2. Transition theory 
Higher charging powers result in more grid irregularities, meaning that faster charging speeds 
are more likely to cause grid irregularities (Professor, Luleå Tekniska Universitet; WSP, 2018). 
One of the main irregularities that is a cause for concern is the high power outtakes that fast 
charging induce (WSP, 2018). Unlike normal charging, fast charging is utilized for shorter and 
more intensive charging sessions with higher levels of power transfer that needs to be delivered 
by the grid infrastructure (Georén, Ling, & Langbroek, 2017). This is expected to be more of a 
threat to the current technological regime and dominant design than slower modes of charging.  
 
The battery supported solution is considered a niche technological innovation outside of the 
current sociotechnical regime (Geels, 2002) that aims to solve the issues related to EV charging. 
As fast charging has charging patterns signified by spikes of power outtake (Sonerud, 2018) 
the discharge power of the battery solution has to be able to match the peaks of power outtake 
for EV charging. For normal charging the patterns are less spikey and takes place over longer 

                                                
11 0,81	3+ℎ/3+ ∗ 150	3+	 ≈ 121,4	3+ℎ 
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periods of time (Georén, Ling, & Langbroek, 2017). In some sense this means that battery 
solutions dimensioned for fast charging needs to have more of a power configuration with 
higher rates of discharge whereas the solutions used for normal charging can have more of an 
energy configuration with lower discharge rates.  
 
6.2.3. Eco-innovations 
If we consider the strategy regarding upfront proficiency and its related drivers and barriers 
(Pujari, 2006; Rennings & Zwick, 2003; Arundel & Kemp, 2009), we understand that cost of 
the solution is important. There is a difference in cost depending on charging speeds and 
whether the solution is centralized or decentralized. The costs are dependent on the components 
as well as cost of installation and operation. In section 6.2.1. some dimensioning aspects of 
battery solutions for workplace and public charging was introduced. The dimensioning was 
based on identified driving and charging patterns and aims to capture customer needs and 
demands.   
 
Workplace charging expected upfront proficiency  
In the workplace setting we consider the costs per charging station. In a workplace setting most 
of the charging is expected to take place during the same time, i.e. most EVs will be charged 
during the same periods of time. Due to this it is not expected that the battery capacity needed 
per charging station will decline as the number of charging stations increase. Therefore, the 
battery size will be 21,5 kWh per charging station no matter how many charging stations that 
are installed.  
 

 
Figure 21 - Comparison of cost of selected essential components per charging station for workplace AC-charging. 

In Figure 21 we see a cost comparison for some of the most essential components (brought up 
in the findings). The charging speed per station is 3,6 kW and the system can be fully charged 
in 8 hours. The costs are based on the ones presented in the findings. We see that the cost is the 
same for the centralized and decentralized concepts. Both systems have the same number of 
discharge outlets and both systems can be charged in 8 hours. As illustrated in Figure 18 the 
centralized and decentralized systems have different numbers of charging inlets. However, as 
we only have one cost estimate for the AC/DC components the cost of a small and large system 
will be the same. Since both systems can be charged in 8 hours the only difference is that the 
centralized system has one AC/DC component that is more powerful than the ones in the 
decentralized concept. However, it is expected to be less expensive to have one larger and more 
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powerful system than several smaller ones. Furthermore, a decentralized system would need 
one control unit per charging station whereas a centralized system would only require one 
control unit. These control units are expected to be somewhat similar in cost independently of 
the size of the system it controls, potentially yielding a lower cost for larger centralized systems. 
The DC-based decentralized concept is more costly since that concept has an additional DC/DC 
component for reducing losses and enabling DC-sharing of energy between the different 
solutions.  
 
The cost estimate for the centralized and AC-based decentralized solution is about 95 900 SEK 
while the DC-based decentralized system is at 101 000 SEK. The cost estimate for AC-charging 
stations mentioned in Table 6 indicate total costs (including hardware, civil works and grid 
strengthening) within the range of 7000-20 000 SEK (PowerCircle, 2019). The actual charging 
box providing the interface with a type 2 contact for mode 3 charging is expected to cost around 
5000 SEK (PowerCircle, 2019; Randall, 2019), meaning 2000-15 000 SEK is the cost of 
preparing for the installation (ground preparation and grid strengthening). If we assume that the 
lower end of the cost range (2000 SEK) represents a site were no grid strengthening is needed, 
we can expect grid strengthening costs to be between 0-13 000 SEK. The battery supported 
solution removes the need for grid strengthening while the rest of the costs are expected to be 
the same. However, the battery would reduce the overall power outtake from EV charging, 
thereby reducing the power subscription cost. With 21,5 kWh of battery capacity per station all 
peaks from EV charging are expected to be evened out. If we assume that all installed charging 
stations are charging EVs at 3,6 kW the peak power is increased by the power outtake multiplied 
by the number of charging stations. By using the power tariff provided by Sollentuna Energi & 
Miljö (2019) each charging station will save about 3 300 SEK per station and year on the power 
subscription tariff12. The solution could also participate on the frequency containment reserve 
markets to make the financial case better. As we are studying workplace charging, we can 
assume that the company does not have to pay a fee for placing a centralized battery solution 
in a company owned parking lot.  
 
In this initial assessment we see that even for a location where grid strengthening is needed the 
battery supported charging stations are quite costly compared to just installing regular AC-
charging stations. However, if the power subscription is lowered and the battery solutions can 
partake on the frequency containment reserve markets the financial case could be improved. 
This is something that has to be evaluated further for a specific location.  
 
Another cost related aspect is the cost of production. It can be more efficient to produce a large 
number of identical decentralized systems rather than making fewer customized centralized 
systems. If a specific solution can be found to serve the majority of the customers it is likely 
that it is more economically efficient to productize around that concept rather than doing 
individual, stand-alone, larger deployments. This industrialization aspect is something that is 
expected to be of great importance if the need for grid-neutral charging stations increase in the 
same manner as the total number of EVs is expected to change over the next decade. One 
concept could be to standardize around a specific modularity of centralized systems. This would 
mean that each building block is of a specific size and has a specific capacity that can be scaled 
to fit a wide range of needs.  
 

                                                
12 3,6	3+ ∗ (53,3	'()/3+	 ∗ 7	P"u$ℎ# + 106,25	'()/3+ ∗ 5	P"u$ℎ#) ≈ 3	256	'() 
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Public charging expected upfront proficiency  
For public fast-charging most users in Stockholm charge less than 25 kWh (Georén, Ling, & 
Langbroek, 2017). At the proposed charging speed of 150 kW this results in a charging time of 
10 minutes. However, currently most fast charging sessions are 20-30 minutes long (Georén, 
Ling, & Langbroek, 2017). If the reliance on public charging grows in the future the energy 
transferred at public charging stations is expected to increase. This could mean that we will see 
similar durations for typical charging sessions in the future, but with higher charging powers. 
In any case it seems unlikely that the charging durations at public charging sites will become 
longer in future scenarios since a fast charging session of 30 minutes at 150 kW will transfer 
75 kWh worth of energy. Longer charging sessions will transfer amounts of energy that the 
EV’s battery packs cannot store (current weighted average battery pack capacity of full EVs in 
Sweden is 55,1 kWh, see Table 1). 
 
This means that fast charging will be signified by charging durations that is shorter than one 
hour. Unless there is a very high demand for fast charging during certain periods of time a 
charging session is expected to be followed by some idle time during which the battery can be 
recharged. In other words, the battery can always utilize its grid connection for power input, 
meaning that the battery does not have to be completely discharged during the day and fully 
charged during the night. As some latency is expected between charging sessions the battery 
capacity needed per station is likely to decrease with the total number of stations as the 
likelihood of all stations being occupied simultaneously is expected to decrease with an 
increasing number of charging stations. Even though the three battery supported charging 
solutions that were brought up in the findings provide different charging speeds a pattern can 
be identified. Volkswagen’s solution had the highest energy to power ratio and the lowest 
number of charging points. The Chinese solution had the highest number of charging points 
and the lowest energy to power ratio, and the assessment of Mälarenergi’s public charging site 
yielded a ratio that was in the middle. All studied solutions included both DC- and AC-charging 
while the solution proposed in this research is solely focused on DC-charging. It is quite likely 
that larger clusters of charging stations could provide the same functionality as smaller clusters 
but with a lower energy capacity per charging station (kWh/charging station). However, the 
purpose of this research is more focused on evaluating and analyzing the impact a battery 
solution will have on EV adoption. When comparing different concepts for solutions 
(centralized/decentralized) both concepts are expected to yield similar scaling factors, meaning 
it does not affect the comparison of the concepts.  
 
As the information on different cost aspects for components is limited to single quotes no 
benefits of scaling are identified in this research. As all systems for DC-charging has the same 
essential components (see Figure 17) the cost per station will be the same. However, as 
mentioned in the workplace concept it is expected that the centralized system will benefit more 
from economies of scale as fewer components are needed. It is also expected that the centralized 
concept is more modular when it comes to battery capacity, which provides a better opportunity 
to design the solution for a specific environment, which is a strategy for increasing the 
likelihood of success for eco-innovations (Pujari, 2006). The decentralized concepts have the 
battery modules built into the charging station, yielding stricter boundaries for how much 
capacity that can fit within the given structure. The centralized concept is more likely to be 
fitted in a larger structure with more space redundancy, making it easier to add or remove 
battery capacity. In the interviews the majority of the respondents seemed to believe that it 
might be difficult and complex to create a charging station with built-in battery modules. One 
of these interviews were held with an employee at Garo, a company that manufactures charging 
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stations. Involving suppliers is important to ensure cross-functional coordination in developing 
a successful eco-innovation (Pujari, 2006).  
 
Modularity is expected to be essential as different locations have different needs. Better 
modularity makes the solution more scalable, potentially reducing the cost per charging station 
and thus improving the changes of reaching upfront proficiency. With that said, it is expected 
that the cost of installation might be cheaper for the decentralized concept. Given that the 
battery solution is designed to be part of the charging station the only difference between a 
battery supported charging station and a regular charging station is increased weight and needed 
space (to some extent). For the centralized concept the on-site installation and commissioning 
processes are expected to be more complex and thus more costly. Based on the specific location 
of the battery charging infrastructure the centralized concept might reduce the available space 
for actual parking spots. This could lead to added costs for placing the battery solution at a 
parking lot.  
 
The industrialization of the concepts is expected to be more complex for public fast charging 
than for workplace normal charging. As it is believed that there is a scaling factor in the needed 
battery capacity per charging station the battery capacity needs to be modular in some sense. 
Further, the needed capacity is expected to differ significantly dependent on the usage rate at a 
given location. It is expected that the most cost-efficient way of meeting these needs for 
modularity is to productize around a set modularity of capacity for a centralized concept, i.e. 
come up with a stepwise sizing of the centralized building blocks that can be added together 
dependent on the specific location. This is expected to be less feasible for a decentralized 
concept as the battery capacity is built into the charging station.  
 
The studied Swedish cluster of charging stations can potentially see a 77% decrease in power 
outtake by introducing a battery solution at the charging site (see Figure 19). The power outtake 
was measured every minute, meaning that the highest power outtake during a specific set of 
minutes might not yield a particularly high hourly power average, which is what is measured 
and priced on the Swedish energy market today. If we consider our proposed charging speed of 
150 kW and charging durations of 10, 20 and 30 minutes as well as 1-3 charging sessions per 
hour we can get an estimate of what the average power outtake for an hour could be (see Table 
7).  
 

Table 7 - Example of hourly power outtakes at 150 kW fast charging. 

  Duration 

  10 min 20 min 30 min 

S
es

si
on

s  1 25 kW 50 kW 75 kW 
2 50 kW 100 kW 150 kW 
3 75 kW 150 kW N/A 

 
The way that the power tariffs work is that the three hours with the highest power outtake during 
a month will yield an average, which is what the price of power is based on for that month 
(Sollentuna Energi & Miljö, 2019). If we assume that there will be at least three hours each 
month during which we have two charging sessions of 20 minutes at 150 kW we get savings of 
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90 435 SEK13 per charging station and year. This is a rough estimate that assumes that the entire 
power outtake from fast charging can be handled during that hour.  
 
The cost estimate for the identified essential components of the different concepts comes out at 
roughly 746 500 SEK per charging station. The findings indicated that the cost of reinforcing 
the grid to provide enough power supply for 150 kW charging stations is about € 86 250 
(approx. 0,9 million SEK) in Europe (Mathieu, 2018). This estimate was considered high by 
the author of that report since grid capacity is expected to be abundant in urban areas and cities 
(Nicholas & Hall, 2018). However, this research has indicated differently, at least regarding the 
grid capacities for the city of Stockholm (Business Developer, Garo; Heick, 2019). This 
comparison does not take into account the lifetime of the different alternatives. It is expected 
that conventional grid strengthening has a longer technical lifetime than batteries. However, 
batteries are expected to drop further in price in the coming years and they provide a more rapid 
response to the issues than conventional grid strengthening, which is considered to be crucial 
to speed up the adoption rate of EVs.   
 
Given the available information it seems like fast charging stations coupled with a stationary 
battery storage could lead to a cost reduction and has a potential of yielding upfront proficiency 
at an early stage, two of the five success factors behind eco-innovations (Rennings & Zwick, 
2003; Pujari, 2006). This concept should thus be investigated further for specific locations. In 
further investigations the savings from reducing the power outtake should be studied more 
thoroughly. The solution can be an actor on frequency containment reserve markets as well, 
potentially yielding additional income that further benefits the business case and functionality 
of the grid infrastructure. In a city environment negative externalities from conventional ICE 
powered transport can be removed by electrifying the fleet of cars (Lindén & Sahlén, 2018). 
The monetary benefits from reducing carbon dioxide emissions, noise pollution and air 
pollution by implementing a fast charging station could also be evaluated and analyzed. 
Studying and quantifying removed negative externalities from eco-innovations is a way of 
overcoming economic barriers of eco-innovations (Arundel & Kemp, 2009). 
 
6.2.4. Diffusion of innovations 
One important characteristic for the concept of an innovation is expected to be its relative 
advantage. In this research the energy losses for the two identified pathways for battery 
supported EV charging (workplace normal charging and public fast charging) will be analyzed 
based on the components listed in section 5.6. The estimates are used to compare and analyze 
the relative advantage of the different concepts (decentralized (AC/DC-based), decentralized 
(DC/DC-based) and centralized) from the perspective of solution energy losses. The losses will 
be estimated by looking at a snapshot of a different number of charging stations being used at 
their full capacity, i.e. maximum discharging speed (3,6 kW for workplace charging and 150 
kW for public charging) and charging speed. As we are studying a snapshot when all charging 
stations are utilized at their maximum capacity no trading of energy is possible between the 
different charging stations in the decentralized concepts.  
 
Workplace charging losses 
The outline of the components for workplace charging is seen in Figure 22. The component 
structure per charging station is similar for all concepts and the difference lies in the power and 
size of the components, which affects the losses in the Excel model. For the analysis of the 
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losses we will only study charging and discharging of the isolated charging stations, i.e. no 
trading of energy between the different solutions.  
 

 
Figure 22 - Identified components that induce losses in workplace charging setting. 

The losses from charging and discharging will be studied in steps of five charging stations, 
from five charging stations up to thirty charging stations.  
 

 
Figure 23 - Estimated charging and discharging losses for centralized and decentralized workplace battery supported normal 
charging solutions.  

As we can see in Figure 23 the total losses are smaller for a centralized system when we have 
fewer charging stations. As the number of charging stations increase the losses are smaller for 
the decentralized concept. This is reasonable as the battery sizes stay the same in the 
decentralized concept no matter how many charging stations that are installed. The roundtrip 
efficiency for the battery solution is decreasing as the battery sizes get bigger. As this is one of 
the bigger sources of losses the increasing battery sizes in the centralized concept renders bigger 
losses. The overall losses in the power electronics components are more substantial in the 
decentralized concept since there are fewer components in the centralized concept. 
Furthermore, the single components within the centralized concept render smaller losses as 
well. This is due to the fact that the voltage levels between the stationary battery storage and 
the battery pack of the EV as well as the voltage level at the grid connection point are more 
evenly matched in the centralized concept. This is something that might be of even greater 
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importance in real-world scenarios as larger power electronics components are expected to be 
significantly more efficient (Business Development Director, Northvolt). 
 
In this assessment, the overall performance regarding energy losses of the two solutions is 
relatively similar. To better understand the difference in energy losses for the two concepts 
experiments needs to be performed on systems which has been fitted with components for the 
specific purpose they need to fulfill. In further analytical evaluations of the losses the varying 
current levels should be more closely evaluated as well.  
 
The difference between the two decentralized concepts introduced in Figure 18 is that one 
solution enables DC-sharing of energy between the different solutions. This means that the 
energy only has to travel from one decentralized battery, through the DC/DC component and 
into the battery of another decentralized charging station. For the AC/DC-based solution the 
energy would have to travel “backwards”, i.e. out of the battery of one decentralized battery, 
through the AC/DC components of that specific decentralized unit, through the AC/DC 
component of another decentralized unit as well as the battery of the other unit. This is expected 
to create bigger losses (Electrical Design Engineer, Northvolt). Specific calculations of these 
losses have not been performed in this study. There is a tradeoff between these expected 
additional losses and the added cost and complexity of incorporating an additional DC/DC 
component within each charging station.  
 
Public charging losses 
The public fast charging solution has the same layout as the workplace charging solution except 
for that the interface to the EV is a DC/DC component instead of an AC/DC component. Similar 
to the workplace normal charging solutions we will study a snapshot of charging and 
discharging of isolated charging stations. However, in the public fast charging scenario there is 
no need for additional DC/DC components in the decentralized concepts as the system is 
already DC-based (see Figure 17).  
 

 
Figure 24 - Identified components that induce losses in workplace charging setting. 

The losses from charging and discharging will be studied in steps of two charging stations, from 
two charging stations up to ten charging stations.  
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Figure 25 - Estimated charging and discharging losses for centralized and decentralized public battery supported fast charging 
solutions. 

Unlike the workplace normal charging the centralized concept renders more substantial losses 
than the decentralized system for all the studied cases (see Figure 25). Similar to the workplace 
normal charging analysis the efficiency of the battery solution plays a major role in this 
development. As the battery packs are now larger (121,4 kWh per charging station) the benefits 
of having several smaller battery solutions rather than one large one becomes clearer and more 
visible.  
 
To summarize the analysis of the energy losses of both the normal and fast charging solutions 
we can say that the decentralized concepts are likely to be more efficient given the inputs that 
were used in the model. With that said, the model is limited and has the purpose of providing 
an overview of what the losses might be. To further understand what solution that could have 
the best relative advantage regarding energy losses systems with components fitted for its 
specific purpose needs to be analyzed and experimented on.  
 
Diffusion of innovations, continued 
A lot of the interviewees stated that a decentralized concept could be difficult to build, at least 
in the short term. This could potentially limit the whole product offering and the trialability of 
the solution, two important attributes for creating a desirable and marketable product (Moore, 
2014; Rogers, 1983). To meet overall targets for decreased greenhouse-gas emissions from the 
transport sector we are in immediate need of an electrified transport sector. Creating a 
functional decentralized concept could potentially require a lot of research and development 
efforts before a commercialized solution is market ready. A centralized solution is expected to 
deliver more immediate value connected to leveling out the power outtake for EV charging. As 
a centralized solution is something that would be externally connected to existing charging 
stations the complete battery connected charging solution is something that is available for a 
commercial roll-out already, making it a more compatible product in the short-term perspective. 
Pilot projects with such solutions is therefore possible today, providing better chances for its 
trialability in real market settings.  
 
The complexity of a centralized solution is also expected to be lower than for a decentralized 
solution. Battery characteristics plays one part in the complexity aspect. The considered battery 
sizes (21,5 kWh per normal charging station and 121,4 kWh for fast charging stations) results 
in battery systems with different physical footprint and sizes. A 21,5 kWh battery system could 
be built up by two to three typical battery modules as the energy capacity of one module is 
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expected to be 7-12 kWh. Each individual module is roughly  400-500 mm wide, 600-800 mm 
long and 100-160 mm high. (Samsung SDI, 2017; Northvolt, 2019) 
 
The total required space of two to three of these modules could possibly be coupled with 
existing charging stations without resulting in a system that is too bulky. However, additional 
power electronics components need to be incorporated as well. Altogether this could potentially 
make the system rather heavy, which will limit the ease of installation, which in turn limits the 
relative advantage of having decentralized battery storages.  
 
In a workplace normal charging setting the expected discharge power is 3,6 kW. For a 21,5 
kWh battery this would result in a discharge C-rate of about 0,17C14. This is a relatively low 
C-rate that could be handled by battery systems with an energy configuration, which is 
beneficial for the overall SoH and lifetime of the battery (Business Development Director, 
Northvolt; Gao, et al., 2017). For the considered public fast charging the situation is different. 
A 121,4 kWh battery system would require ten to sixteen battery modules. This would require 
significantly more space and as the charging and discharging powers are higher the power 
electronics component will also be larger than for less powerful components. ABB’s Terra HP 
ultra-fast charger is 620 mm wide, 440 mm long and 2390 mm high (ABB, 2018). The battery 
modules alone have a footprint of similar size. In addition to the battery modules the system 
needs an outer casing as well as incorporation of power electronics and wiring.  
 
Altogether, the system will be significantly larger and bulkier than current fast charging 
solutions and could thus be argued to be too large to be considered a decentralized solution. 
Furthermore, the higher discharge rates of a fast charging solution limit the feasibility of having 
smaller battery systems. For a 121,4 kWh battery storage a discharge rate of 150 kW would 
result in a C-rate of about 1,24C15. This would require a power configurated battery system, 
which lowers the number of charge and discharge cycles of the battery system significantly, 
thus shortening the overall lifetime of the solution (Business Development Director, Northvolt; 
Gao, et al., 2017). As the dimensioning for the battery systems in this research is based on 
limited data on EV charging behaviors it is expected that the actual battery sizes needed in real 
world application will be somewhat smaller, meaning that the C-rates is expected to be even 
higher. In conclusion the compatibility of having decentralized battery storages is somewhat 
limited due to the overall space claims of the components. For the centralized concept a larger 
connected battery solution brings the C-rate down, as long as not all charging stations are used 
simultaneously.  
 
6.2.5. Summary research question 2 
For the estimated battery sizes and charging speeds the analysis indicate that a battery supported 
charging solution provides better chances of upfront proficiency in the public fast charging case 
due to a higher impact on power outtake reduction. As higher charging speeds cause greater 
concerns for the existing grid infrastructure it is expected to be in more urgent need of a battery 
supported system as well. The workplace scenario is more focused on cost reduction for the 
owner of the system. The analysis indicates that with current market structures and estimated 
solution costs it is unlikely that a battery supported charging system will succeed in lowering 
costs in this setting.  
 

                                                
14 3,6	3+/21,5	3+ℎ ≈ 0,167!	 
15 150	3+/121,4	3+ℎ	 ≈ 	1,235! 
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In the workplace setting both a centralized and decentralized concept is feasible since the 
discharging powers allows quite low C-rates. Further, the relatively small battery sizes for the 
workplace setting results in a relatively small system size, which could potentially be 
implemented within a charging station. For the public charging scenario, the C-rates are a 
concern for the decentralized systems as each individual battery pack has to handle high 
discharge rates. The centralized system is expected to handle the higher C-rates better as the 
larger battery pack helps in reducing the power to energy ratio of the discharge. The sheer size 
of the battery system with all its components is expected to make it difficult to incorporate with 
individual decentralized charging stations in an efficient and smooth manner, making the 
centralized system a better concept for public fast charging, despite the expected increase in 
energy losses.  
 
Lastly, the centralized concept is expected to require less substantial research and development 
efforts than the decentralized concepts. As the research is focused on speeding up the adoption 
rate of EVs the time to market for the solution is important. It is expected that the centralized 
concept can be more efficient in delivering a whole product offering in the short term.  
 

6.3. Impact assessment 
This sub-chapter aims to assess what kind of peaks that EV charging will cause in 2030. The 
identified pathways (workplace normal charging and public fast charging) will be studied for 
different scenarios. The assessment is based on the Excel model regarding the impact that a 
battery supported charging solution could have. The description of the model can be found in 
section 4.5.2., sub-chapter Battery supported EV charging potential impact.  
 
 
 
6.3.1. Induced peaks from EV charging in 2030 
 

 
Figure 26 - Induced peaks from EV charging at workplaces and public charging stations in Stockholm in 2030. 

Given the dimensioning of the system and expected peaks from EV charging the power outtakes 
seen in Figure 26 is expected in Stockholm by 2030. We see that the peaks from workplace 
normal charging induce higher peaks than the ones from public fast charging. As every fast 
charging station can serve a large number of EVs the required number of such charging stations 
is quite small. For workplace charging it is expected that each charging station can serve only 
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one EV on average. This indicates that workplace normal charging might be more harmful to 
the grid infrastructure than public fast charging. With that said workplace charging is expected 
to be more of a controllable load than public charging as it takes place over longer periods of 
time. It is likely that a workplace charging solution will be a solution in the cross-section 
between a battery supported solution and a load sharing solution. For public charging the 
demand is more discrete, i.e. the solution has to provide maximum output when there is an EV 
in need of charging. These aspects need to be analyzed and studied further for specific settings 
and locations to understand the opportunities and challenges better.  
 
6.3.2. Estimated peak reduction from battery supported charging infrastructure 

 

 
Figure 27 - Estimated peak reduction by battery supported charging infrastructure. 

The dimensioning of the battery solution in the workplace setting is expected to be able to level 
out all peaks from EV charging. For the public charging 77% of the induced peaks are expected 
to be reduced. This is based on the quantitative study performed on the data set from an existing 
public charging station in Sweden. In conclusion we see that the battery supported charging 
infrastructure could free up between 63,5-112,2 MW worth of power capacity for Stockholm’s 
electricity grid dependent on which scenario that is studied.  
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7. Conclusions and implications 
This chapter presents the conclusions of the thesis. The answers to the research questions are 
presented and discussed from their industrial and academic contributions. The thesis is 
concluded with a sub-section on suggestions for further investigation and research in light of 
the conclusions of this thesis.  
 

7.1. Conclusions 
The thesis approaches the issues related to the historically slow change from ICE vehicles to 
EVs and is focused on EV charging infrastructure as an enabler of this change. It is expected 
that the introduction of a functional, reliable and sustainable charging infrastructure will speed 
up the adoption rate of EVs. This is considered desirable as an electrified fleet of passenger cars 
will reduce the emissions of greenhouse-gases from the transportation sector. An electrification 
of transport is likely to help in reaching the goals set by the Paris agreement.  
 
The research identified two pathways that are expected to drive the adoption rate of EVs. These 
are workplace charging and public charging. The overall landscape and change process towards 
EVs are dependent on an intricate play between a large number of actors. Additionally, the field 
is rather novel and is currently in a state of rapid change, providing limited sources of historical 
data and there is no existing blueprint for how the change process should be performed.  
 
Theory on transitions found that cities are in the most urgent need of charging solutions that 
meets the increasing demands while keeping the power outtakes at grid connection points 
somewhat neutral. This was further validated in the analysis with regard to theories on the 
success of eco-innovations. The analysis showed that charging solutions in cities are more 
likely to achieve upfront proficiency, largely due to the relatively scarce use of charging 
solutions located in more remote areas. From a market focus perspective this held true as well, 
since the overall trend is pointing towards longer range EVs which is expected to lessen the 
need for charging solutions at remote, rural, locations. Additionally, the existing highway 
charging infrastructure is somewhat sufficient already, making it less important for short-term 
EV adoption.  
 
The stricter regulations regarding environmental zones in city environments further emphasize 
the more immediate need for an electrification of transport within urban areas. On top of this 
the benefits of electrification are more imminent as well. When coupling these insights with the 
identified issues related to grid congestion in urban areas it is expected that levelling out the 
power outtake provides a higher relative advantage in those settings. The analysis using theory 
on diffusion of innovations focused on these aspects as well as the attributes of providing a 
battery supported charging solutions in residential, workplace and public settings.  
 
It was found that workplace charging and public charging are the most interesting pathways for 
attracting the early and late majority of the market. For workplace charging the most significant 
upside is that deployments at companies or organizations will create a bigger impact than 
individual residential applications. It is also expected that these deployments will close the gap 
between the early markets and the majority of the markets as it lowers the threshold for 
individual EV drivers. Furthermore, it is expected that a movement can be created within 
organizations, allowing the pragmatic and conservative individuals to be influenced by the 
innovators and visionaries.  
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For public charging the case is not as clear, which makes it more important to position the 
product efficiently. It is expected that a larger number of EVs will be owned by individuals that 
lack access to off-street parking in the near-future. By providing them with a product and market 
alternative their adoption of EVs is expected to increase. A public charging infrastructure could 
replace the market alternative for ICE vehicles, which are current gas stations. It could also 
replace destination charging, which is considered the product alternative. This will lower the 
threshold for EV adoption and thus speed up the overall adoption rate. The analysis has thus 
indicated that workplace and public charging in cities are the pathways that can drive the 
adoption of EVs.  

 
Three main concepts are studied for these two pathways. These concepts regard where the 
battery storage is located in relation to the charging station. The identified concepts are 
centralized, AC/DC-based decentralized and DC/DC-based decentralized. It was found that 
each charging station could be equipped by 21,5 kWh of battery storage for the workplace 
setting and 121,4 kWh for the public setting. Furthermore, the dimensioning model and the 
findings indicated that 3,6 kW charging is suitable for a workplace setting while public charging 
is fitted with 150 kW charging outlets. Given these circumstances it was found that the 
decentralized concept yielded lower levels of energy losses, particularly for larger battery 
systems, i.e. larger clusters of charging stations. This indicates that the relative advantage is 
higher for decentralized solutions from the perspective of energy losses. The cost per charging 
station in the workplace scenario was estimated to be between 95 900 SEK and 101 000 SEK 
(DC/DC-based decentralized was found more costly due to a larger number of components). 
For the public charging stations the cost was estimated to be 746 500 SEK.  
 
It is expected that decentralized systems for public charging are not technically feasible due to 
the requirements regarding the discharge rate. This is not the case for workplace charging. It 
was also found that the public charging stations are more likely to be upfront proficient due to 
the expected costs of grid strengthening if the charging is not battery supported. Faster charging 
speeds pose a bigger threat to the existing technological regime, i.e. the existing grid 
infrastructure, making the relative advantage of incorporating a battery solution higher.  
 
As the overall objective of the study is to speed up the adoption rate of EVs to meet the goals 
of the Paris agreement the time to market for the battery supported charging solutions are 
important. Building centralized solutions is expected to be more feasible in the short-term 
thanks to higher compatibility with existing charging infrastructure solutions. In the long-term 
decentralized solutions could be a better option as the complexity and cost of installation could 
be reduced. It is however important to productize around a concept to drive down cost. 
 
The conclusion is that you could industrialize around a modular centralized concept. This would 
provide building blocks of a certain energy capacity that can be scaled to fit most of the market 
needs. Furthermore, it allows the manufacturers to productize around one product, which is 
likely to drive down cost of production. The answer to the research question is that a modular 
centralized concept is best suited for both pathways in the short term. However, decentralized 
systems could be an option for workplace normal/slow charging in the future while it is 
expected to be technically challenging for public fast charging given the existing technology.  
 

7.2. Implications  
It is found that workplace charging will induce higher peaks than public charging in 2030. 
However, the battery supported charging is expected to be able to level out this outtake as the 
usage is quite predictive and the power outtake per charging station is quite low. For public 
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charging the majority of the peaks are expected to be mitigated, but the analysis indicates that 
it might be difficult to completely offset the power outtake.  
 
In general, it is expected that a combination of the two pathways can increase the adoption rate 
of EVs without risking the overall functionality of the existing grid infrastructure. For the public 
fast charging case it is expected to be most important in the short-term since each individual 
charging station demands high power outtakes from the grid. Luckily, the indications regarding 
the business case for such solutions is expected to be positive, possibly making it economically 
feasible at certain locations today.  
 
The thesis couple theories on eco-innovations and diffusion of innovations on a new 
technological area that is characterized by rapid and diverging change. The coupling of these 
two theories is quite rare historically, thus allowing the study to potentially fill a gap in the 
research community. The coupling of the theories aims to take the diverging opinions of the 
market today and come up with a concept that meets the majority of the market demands.  
 
It was found that the specific theories provided a relatively holistic view of the problem and 
helped guide the research in an efficient manner. This indicates that the theories on transitions, 
eco-innovations and diffusion of innovations can be useful in analyzing and assessing novel 
technology developments from the perspective of developing market focused products and/or 
services when the available data is limited.  
 

7.3. Suggestions for further studies 
The identified pathways in this study needs to be further investigated regarding system 
performance and market success. One way of conducting this research would be to design 
solutions that are optimized for its given purpose, on a component level. This would provide a 
better and more detailed view of its performance. More rigid data analysis could then be 
performed on larger data sets of actual EV charging.  
 
Upon getting a better understanding of what the solutions would look like and how they would 
perform in settings that are more connected to real-world user profiles the business cases should 
be revisited. The potential of ancillary markets such as the frequency containment reserves 
markets is a good starting point. Additional aspects that are of interest are more technical 
implications for the grid infrastructure. For example, the solutions capability of stabilizing 
power quality at grid connection points. This thesis provides a potential starting point for the 
research mentioned above as well as a starting point on the path to an electrified transport sector.  
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Appendix I, interview structure 
 
The semi-structured interviews followed these overall questions and were further discussed 
with individual and specific follow-up questions.  
 
Interviews related to charging outlook: 
 

• Where in the electricity grid do you believe the biggest issues from EV charging will 
occur? From what type of charging? 

• Where do you think batteries will have the highest impact in reducing tensions for the 
grid? 

• What does current charging behaviors look like?  
• How much do people tend to charge and where? 
• What does general parking behaviors look like today? How does public charging of EVs 

fit into the current parking model? 
• What kind of trends do you see in EV charging amongst your customers today? What 

affects those trends? 
• What type of charging do you believe will be of the greatest importance in the future?  
• What kind of charging speeds do you foresee being standard in the future? 
• What type of charging do you believe will be of most importance in the future: AC- or 

DC-charging? 
• What are the current limitations when installing and deploying charging stations today? 
• For public charging, do you think it is better to install a lot of normal chargers or fewer 

fast chargers? 
• What are some current solutions for controlling power outtakes for EV charging? 

 
Interviews related to technical aspects of solution build-up: 
 

• Which type of battery solution do you believe is most feasible: decentralized or 
centralized?  

• How difficult would it be to fit a battery solution in your current charging stations? 
• What kind of efficiencies can you expect from AC/DC and DC/DC components? 
• What affects the efficiencies in AC/DC and DC/DC components? 
• What is the expected roundtrip efficiency for battery storages?  
• What affects the efficiency of battery storages? 
• What limits the charging speeds today?  
• What needs to change to enable faster charging speeds? 
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Appendix II, Dimensioning public charging overview 
 

 
 
Overview of battery dimensioning for public charging model spreadsheet in Excel.  
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Appendix III, Cost structure overview 
 

 
 
 
 
Overview of cost assessment spreadsheet in Excel.  
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Appendix IV, Energy losses model overview 

 
 
Overview of discharging and total energy losses spreadsheet in Excel (bottom section sums up total losses) 
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Overview of charging energy losses spreadsheet in Excel. This model feeds into the one depicted above (bottom section that sums up total losses) 
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