
Master of Science Thesis 
KTH School of Industrial Engineering and Management 

Energy Technology EGI-2013-047MSC  
Division of Energy Technology  

SE-100 44 STOCKHOLM 
 

 
 
 
 
 

Electric Road Systems for Trucks 
 

Sanna Andersson 
Erica Edfeldt 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 
 

2 

  



 
 

3 

 
 
 

 

 Master of Science Thesis EGI-2013-047MSC  
 
 

Electric Road Systems for Trucks 
 

   
  Sanna Andersson 

Erica Edfeldt 
Approved 
2013-06-18 

Examiner 
Per Lundqvist 

Supervisor 
Jon-Erik Dahlin 

 Commissioner 
Scania AB 

Contact person 
Nils-Gunnar Vågstedt 

 
 
Abstract 
 
An increased use of electricity in vehicles is considered an alternative to decrease the usage of fossil fuels. 
For private cars, plug-in electric vehicles using batteries are continuously being improved. However, the 
battery technology of today is not sufficient for trucks if they are to use only electricity. The battery 
technology is not sufficient to be able to supply the truck with enough propulsion energy to perform an 
entire drive. However, the hybrid drive technology enables a power recovery and charges the battery when 
the vehicle applies its brakes. The fuel usage can thereby be decreased through the energy recovery. This 
master thesis examines the potential of electric road systems, ERSs, which enables a continuous electricity 
supply to the vehicle when in motion. Similar technologies as an ERS has been used for a long time for 
trams, trolleybuses and trains, and historically there have also existed cases of electric truck systems. In 
this thesis the potential for ERSs is examined from the haulage contractor companies’ perspective, which 
would be users of this system. The potential is in regard to the energy usage per km, the CO2 emissions 
per km and the cost per km for an ERS vehicle (a hybrid vehicle using an ERS) compared to a hybrid 
vehicle and to a conventional vehicle.  The cost per km includes energy cost, cost for using the ERS 
infrastructure and the additional vehicle cost.  
 
The method used in this study was first to create a broad picture of the concept of ERSs through reading 
articles, reports, web pages and through conducting interviews with stakeholders within the ERS market. 
The second part of the method was to create a technology model and an economic model. The models 
investigate the potential for ERSs through three different cases: a Distribution Case, a Long-Haulage Case 
and a Mining Case. For all three cases, the energy usage, the cost and the CO2 emissions per km for using 
a conventional vehicle, a hybrid vehicle and ERS vehicle were generated. Four alternative future scenarios 
were also tested, in which factors such as energy costs and infrastructure costs were varied. 
 
The results show the energy usage, the CO2 emissions and the profitability from the haulage contractor 
companies’ perspective. The results show that ERSs are not profitable for the Distribution Case in any of 
the tested scenarios. For the Long-Haulage Case, however, it is profitable in four out of the five tested 
scenarios. The Mining Case shows mixed profitability results, many times being just above or just below 
profitable. The energy usage decreased for all the cases and scenarios. Because of this, in combination 
with the relatively clean electricity production in Sweden, the decrease in CO2 emissions is very large. The 
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conclusions from this thesis are therefore that long-haulage routes show great potential for using ERSs, 
mining cases have some potential for using ERSs and if distribution routes are to use ERSs this would be 
only for lowered fossil fuel usage and environmental purposes.  
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Sammanfattning 
 

För att minska användandet av fossila bränslen anses ökad användning av elektricitet i fordon vara ett 
potentiellt alternativ. För laddelbilar inom personbilssektorn förbättras batteritekniken ständigt. Dock ser 
inte batteriteknikens utveckling ut att vara tillräcklig för lastbilar om de ska kunna köra på enbart el. Även 
om batteritekniken inte är tillräcklig för att lastbilen ska kunna köra på enbart el så kan batterier användas i 
lastbilshybrider. Hybridsystemet möjliggör en energiåtervinning där batteriet kan laddas när fordonet 
bromsar. Bränsleanvändningen kan därmed minskas genom energiåtervinningen.  Detta examensarbete 
utreder potentialen för elektriska vägsystem. Elektriska vägsystem möjliggör kontinuerlig överföring av 
elektricitet till lastbilar medan de kör. Liknande tekniker har länge använts för spårvagnar, trådbussar, tåg 
och även i viss utsträckning för trådlastbilar. I detta examensarbete utreds potentialen för elektriska 
vägsystem utifrån åkeriers perspektiv, eftersom dessa i så fall kommer att vara de som använder systemet. 
Potentialen bedöms genom att jämföra energianvändning per kilometer, CO2-utsläpp per kilometer och 
kilometerkostnad för en elvägslastbil jämfört med en konventionell lastbil och jämfört med en 
hybridlastbil. Kilometerkostnaden innefattar energikostnad, kostnad för att använda elvägsinfrastrukturen 
och den ytterligare fordonskostnaden.   
 
Metoden som användes i denna studie var först att skapa en bred bild av konceptet elektriska vägsystem 
genom att läsa artiklar, rapporter, hemsidor och att utföra intervjuer med aktörer inom elektriska 
vägsystem. Den andra delen av metoden var att skapa en ekonomisk och teknisk modell. Tre olika fall 
modellerades: ett distributionsfall, ett fjärrtrafikfall och ett gruvtransportfall. För dessa tre fall så 
genererades energianvändningen, CO2-utsläppen och kostnaden per km vid användning av en 
konventionell lastbil, en hybridlastbil och en hybrid som använder elektriska vägsystem. Fyra alternativa 
framtidsscenarion testades också, för vilka parametrar såsom energikostnader och infrastrukturkostnader 
varierades.  
 
Alla resultat visar energianvändningen, CO2-utsläppen och lönsamheten utifrån ett åkeriperspektiv. 
Resultaten visar att elektriska vägsystem inte är lönsamma för distributionsfallet i något av de testade 
scenarierna.  För fjärrtrafik är det lönsamt i fyra av de fem testade scenarierna. Gruvtrafikfallet visar på 
blandade resultat, där det ofta är precis lönsamt eller nästan lönsamt med elektriska vägsystem. 
Energianvändningen minskar för alla fall och scenarier. Detta tillsammans med Sveriges relativt rena 
elektricitetsproduktion innebär att CO2-utsläppen minskar kraftigt. Slutsatserna från detta examensarbete 
är därför att fjärrtrafik påvisar stor potential för elektriska vägsystem, gruvtrafik har viss potential och 
distributionstrafik bör endast använda elektriska vägsystem av miljömässiga och fossilbränslereducerande 
skäl.  
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Nomenclature and Abbreviations 
 
 
Nomenclature 
 
Denomination1  Term   Unit 
 
𝑇𝑄   Torque   Nm 
𝑛   Rotation speed   rad/s 
𝐹    Force   N 
𝑣    Speed    m/s 
𝑡     Time   s 
𝐷     Distance    km 
𝐴     Altitude   m 
𝑃     Power   W 
𝐸     Energy   kWh 
𝐼𝐶𝐸!"#$_!"_!"!#$%   Fuel conversion ratio   kg/kWh 
𝑚     Mass   kg 
𝑉    Volume   l 
𝜌    Density   kg/l 
𝐸𝑛𝑒𝑟𝑔𝑦_𝑐𝑜𝑛𝑡𝑒𝑛𝑡    Energy content  kWh/l 
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠!"#$    Emissions from fuel  kg/l 
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠!"     Emissions from electricity  kg/kWh 
𝜂     Efficiency   - 
𝑠     Stressfactor   - 
𝑆𝑂𝐶     State of charge   % 
𝐸𝑅𝑆!"#_!"_!"     Indication of ERS  - 
𝑆𝑙𝑜𝑝𝑒    Road slope   % 
𝑁𝑢𝑚    Number   amount 
𝑃𝑟𝑖𝑐𝑒     Price   SEK 
𝐶𝑜𝑠𝑡     Cost   SEK 
𝐾𝑚𝐶𝑜𝑠𝑡     Cost per km   SEK/km 
𝑌     Year   year 
𝑟    Interest rate   % 
𝐾𝑚    Driven distance  km 
𝑌𝑒𝑎𝑟𝑙𝑦𝐶𝑜𝑠𝑡     Yearly cost   SEK/year 
𝐼𝑛𝑐𝑜𝑚𝑒     Income   SEK 
𝐼     Investment   SEK 
𝑅𝑜𝑎𝑑    Total distance of all vehicles  km/year 
𝑇     Amount of seconds per hour  s/h 
𝐷𝑎𝑖𝑙𝑦   Amount per da y  amount/day 
𝐷𝑎𝑦!"#$       Amount of days per year  day/year  
 
 
 
                                                        
1 Indexes after the denomination indicates different variations of denominations, e.g. P with different indexes stands 
for different powers.  
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Abbreviations  
 
ERS   Electric Road System 
EM   Electric Machine 
ICE   Internal Combustion Engine 
HEV   Hybrid Electric Vehicle 
SOC   State Of Charge 
CO2   Carbon Dioxide 
PPP   Private Public Partnership 
EU   European Union 
MK1   Miljöklass 1 
FAME   Fatty-acid methyl ester 
GB   Gear box 
Bat   Battery 
Inv   Inverter 
 

  



 
 

22 

  



 
 

23 

1 Introduction 
 
This master thesis is made on behalf of The Royal Institute of Technology and Scania CV AB. It is made 
as the final assignment at the program Engineering Management with a specialization within Energy 
Systems at the Royal Institute of Technology.  
 
The thesis examines the potential for electric road systems, ERS, which enables a continuous electricity 
transfer to the vehicle when in motion. The potential is examined from the haulage contractor company’s 
perspective. The main outcome is the energy usage, the cost and the CO2 emissions per km for using a 
conventional vehicle, a hybrid vehicle and hybrid vehicle using an ERS (referred to as an ERS vehicle).  
 

1.1 Background  
 
In 2009 the Swedish government published a statement (prop. 2008/09:162) declaring a goal that the 
Swedish transportation sector by the year of 2030 should be free from fossil fuels: “The work in lowering the 
transportation sector’s climate effects is making progress and Sweden should aim for having a transportation sector that is 
independent of fossil fuels by year 2030.“ (Government Offices of Sweden, 2009) The first step in reducing 
fossil fuels is the goal set for 2020: EU has decided that at least 10% of the energy used in the 
transportation sector should be renewable by 2020, a goal that Sweden is aiming to reach.  (Swedish 
Energy Agency a, 2012)  
 
There are multiple driving forces for the transportation system to reduce its use of fossil fuels. To begin 
with, emission of greenhouse gases and harmful particles would be reduced. Secondly, fossil fuels are 
finite resources. Thirdly, reducing the use of petroleum products in the transportation sector would 
further reduce the political dependence of oil nations, such as politically unstable oil nations in the Middle 
East. (Ranch, Trådbussar och trådlastbilar, 2010) Furthermore, the prices of oil and diesel are increasing. 
This also creates incentives to search for alternative fuels for the transportation sector. (Swedish Energy 
Agency a, 2012)  
 
One possible alternative to fossil fuels is to use more electricity in the transportation sector. A usage of 
electricity for vehicles would both result in a decreased usage of fossil fuels as well as in a decreased usage 
of energy overall. The lowered energy consumption though the usage of electricity is due to the higher 
efficiency of electric machines, EM, compared to the efficiency of internal combustion engines, ICE, in 
conventional vehicles. The decreased usage of fossil fuels is due to the decreased energy usage as well as 
the Swedish electricity production, which is based mainly on fossil free fuels. (Sundelin, 2011)  Because of 
an increasing world population as well as an increased urbanization, the need for freight traffic is 
estimated to grow rapidly. (Siemens, 2012)  
 
The focus of this master thesis is to examine the possibilities of electric road systems (ERSs) for trucks. 
The battery technology of today is not sufficient for trucks since they need more energy than the batteries 
can store. A truck can therefore only drive short distances, if it only is to use the electricity stored on the 
battery. (Svenska Elvägar b, 2013) The hybrid drive technology in trucks today uses a battery that gets 
charged through a power recovery when the vehicle applies its brakes. In order to enable further electricity 
usage, ERSs could be a feasible option. The ERS enables a continuous electricity supply to the truck when 
in motion, which avoids the problem with a too small storage possibility of electricity in the truck’s 
battery. A similar technology has been used for a long time for trams, trolleybuses and trains, and 
historically there have also existed cases of electric truck systems. If a technology similar to these systems 
were to be used for ERSs, the implementation could be quite fast since the systems for trams and trains 
are mature technologies. (Svenska Elvägar a, 2013) Compared to trains, a hybrid truck has the advantage 
of flexibility in reaching its final destination. Also, the existing road network can be utilized, lowering the 
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additional economic and environmental costs that the building of new railways is associated with. Yet 
another driving force for ERSs in Sweden is that Sweden has good potential in being a forerunner in this 
technology. Cheap and clean electricity in combination with good competence within the truck- and 
power grid industry opens up the opportunity for Sweden to build a new export industry within ERSs. 
(Ranch, Trådbussar och trådlastbilar, 2010) 
 

1.2 Purpose 
 
The purpose of this thesis is to examine the potential for electric road systems for trucks in Sweden from 
the haulage contractor companies’ perspective. The potential is in regard to the energy usage per km, the 
CO2 emissions per km and the cost per km for the ERS vehicle compared to the hybrid vehicle and to the 
conventional vehicle.   
 

1.3 Limitations 
 
In this section, some overall limitations are presented. Further limitations are presented continuously in 
the thesis. Four major limitations of the thesis are: 
 

• It only examines cases in Sweden.  
• It only considers trucks when examining the possibilities for ERSs.   
• A comparison is only made between electricity and diesel, not biofuels and other energy types that 

can be used for trucks. 
• The year 2020 is chosen as a reference year for which the modelling is conducted. 

 
Value adding aspects in the transportation system related to changed transportation needs and changed 
transportation kinds, such as transportation by train or by shipping, is not considered.  
 
Another important limitation is that the evaluated potential of hybrid vehicles and electric road systems is 
based on three specific cases that are modelled. Results for each case is generated for a conventional 
vehicle, a hybrid vehicle and a hybrid vehicle that can connect to a direct power distribution when in 
motion (ERS vehicle).  

 

1.4 Method 
 
A research paradigm is a philosophical framework that guides how the research should be conducted. The 
two main paradigms are the positivism paradigm and the interpretivism paradigm. According to the 
positivism paradigm, the reality is objective and singular and the act of researching the reality cannot 
change it. The other main paradigm is called interpretivism and emerged as a response to criticism of the 
positivist paradigm. However, the two main paradigms represent two extremes and it can therefore be 
hard to pledge that a research belongs to only one of these two paradigms. (Collis & Hussey, 2009) This 
research is mainly positivistic, but some interpretivism characteristics can be found. An example of this is 
that qualitative interviews were used as input to the model.  
 
The main parts of this thesis method were knowledge background, modelling, analysis of the findings and 
writing the report, as shown in Figure 1.  
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Figure 1: The Figure shows the main steps of the method. The method was however iterative, and not as linear as shown here.  
 
The first step in the method was to read relevant academic articles within the area of ERSs in order to 
create a broad picture of ERSs. Together with Scania and KTH, the scope of the thesis and appropriate 
limitations were discussed. After this, suitable persons to interview were chosen. The chosen interview 
objects are representatives of administrative authorities, electric road system companies, haulage 
contractor companies and one person that previously had conducted interviews with stakeholders within 
the ERS field. Different stakeholders were chosen as interview objects, in order to capture different views 
and aspects of ERSs. The interviews were conducted face-to-face, except for one that was conducted over 
the telephone. The questions were open, meaning that the respondent could formulate his/her answer 
him-/herself. This, together with the fact that it was only a few interviews being conducted from each 
type of interview-group, generated qualitative data. The questions were varied depending on the expertise 
of the person being interviewed. The interviews were not used as results, but rather as additional input to 
the literature review. The literature review was made up of information from academic articles, reports, 
interviews and of web pages of companies and administrative authorities.  
 
The modelling work began through a collection of case specific data concerning the properties of the 
trucks and of the roads in the three cases, which thereafter were used as data in a simulation program 
provided by Scania. This program simulated the driving of a conventional truck for each case and included 
data for every half-second of the drive, describing parameters such as required power output and vehicle 
speed. Thereafter, a technology model and an economic model were built in MATLAB. The quantitative 
data from the simulations of the conventional vehicle was the main input to the technology and economic 
model, but some qualitative and quantitative data from the literature review were also used. The literature 
review (including interviews) constitutes the foundation for how the quantitative data were treated and 
how the model was constructed. The model generated results that were analysed and discussed. Since the 
modelling was done with 2020 as a reference year, multiple alternative future scenarios were tested to 
examine how the results could vary. A sensitivity analysis was carried out to examine the robustness of the 
model.  
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The working process followed a Gantt-schedule. This schedule was created early in the process, but was 
modified continuously in order to adapt to the current plan as the work progressed. The original Gantt-
schedule is shown in Appendix A. Throughout the process, employees at Scania have contributed with 
input, information and quality checks. The work has also been carried out in a close contact with the 
supervisor from KTH, with whom meetings have been held approximately every second week. The work 
with the report has been carried out simultaneously with the work with the knowledge background, the 
modelling, and the analysis of the results. The process has been iterative in order to enable improvements 
continuously.   
 
 
  



 
 

27 

  



 
 

28 

2 Literature Review 
 
The literature review gives a broad picture of today’s knowledge within the field of electric road systems 
(ERSs). The literature review is the base for the model and presents relevant information that is used in 
the model as in-parameters.  
 

2.1 Energy Usage in the Transportation Sector 
 
The energy usage in the transportation sector has changed over the years. However, it has to undergo a 
transformation if the goal of a fossil fuel free transportations sector 2030 is to be reached.   
 
2.1.1 Historical Energy Usage in the Transportation Sector 
 
Since the focus of this thesis is on vehicles using electricity, the historical overview describes mainly 
electric vehicles and trains. 
 
The electrification of Sweden’s railway system started in the 19th century (Biedermann, Järnvägens 
elmatning, 2002) and electric vehicles were introduced as early as in the middle of the 19th century, which 
was before the introduction of the gasoline vehicle. In the year of 1900, 4200 automobiles were sold, out 
of which 38% were electrically powered. Only 22% were powered by gasoline and the remaining was 
steam powered. (Husain, 2011) At this point in time, the long charging time of the battery and the reach 
of the electric vehicle were, as they are today, already a discussed dilemma. In order to overcome these 
problems, efforts were made such as the establishment of charging stations and systems for battery 
swapping where the discharged battery was taken out of the vehicle and replaced by a charged battery. 
Hybrid vehicles, using both electricity and gasoline, were also developed at this time (around 1900) aiming 
to improve the battery vehicles. (Høyer, 2008)  
 
The development of the electric vehicles did however decline soon after 1900 due to the remaining 
problems with an inconvenient battery charging in combination with the invention of the starter motor, 
which made the gasoline vehicles more convenient than before. (Husain, 2011) The electrification of 
trains continued, as trains had the advantage of easy continuous electricity transmission while moving. 
Even though the development of electric vehicles declined, it did not end. In 1925, the Swedish company 
ASEA developed an electric truck with a loading capacity of 25 kg and a max speed of 25 km/h. This 
technology was then used by the Swedish company Sea (which was founded by ASEA) in order to 
develop several different electric trucks. In the 1930s and 1940s, Sea was the largest producer of electric 
vehicles in Sweden. (Dahlquist, 2012) During this period of time, a technology was also used where trucks 
and busses were supplied continuously with power through contact lines while they were moving. Such a 
system was used in Stockholm for two decades with a start in 1942. (Mellgren, 2012) However, in the end 
of the 1940s, the interest for electric trucks declined at the same time as oil prices declined after the 
Second World War. (Dahlquist, 2012) Even though the interest for electric vehicles declined in Sweden 
after the Second World War, systems with a continuous power transfer to busses, trolleybuses, were 
widely used around the world until the 1970s. Despite the decline in the 1970s several systems with 
trolleybuses are still in use. Today, there are approximately 350 trolleybus systems in the world with a 
vehicle fleet of approximately 40,000 busses. Since the year of 2003, there is a trolleybus system in 
Landskrona. (Ranch, Trådbussar och trådlastbilar, 2010) Systems with trucks with continuous power 
supply when in motion are however not in commercial use in Sweden today.  (Ranch, Projekt 
Engagemang and Svenska Elvägar AB, 2013) 
 
However, even though there was a decline in the interest for electric vehicles in the first decades of the 
20th century, environmental, economic and political issues have led to an increased interest in the last 
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years. Trains have for a long time been seen as suitable for electricity usage. The electrification of 
Sweden’s railway system has continued, and in the year of 2002, 7,300 km of the total 9,800 km of railway 
in Sweden are electrified. (Biedermann, Järnvägens elmatning, 2002) This has given trains an 
environmentally friendly profile, and multiple stakeholders in society promote trains. Trains are a good 
complement to road vehicles, but road vehicles are still needed for transport of goods and people. (Ranch, 
Projekt Engagemang and Svenska Elvägar AB, 2013) Because of the increasing interest of electric vehicles, 
General Motors introduced their first electric passenger vehicle, Saturn EV1, in 1995. The limited range of 
electric vehicles powered by batteries still remained, which led to a development of the hybrid vehicle 
once again and in 1999 the first hybrid vehicle was produced, the Toyota Prius. (Husain, 2011) In 
December 2011 there were approximately 21,400 hybrid passenger cars, 26 hybrid trucks and 2 hybrid 
busses in the Swedish vehicle fleet. The Swedish fleet of electric vehicles was 366 passenger cars, 115 
trucks and 4 buses. (IA-HEV, 2012)   
 
2.1.2 Todays Energy Usage in the Transportation Sector 
 
In total, 614 TWh of energy were used in Sweden in the year of 2010. Out of these, 219 TWh were losses 
and used for non-energy purposes and the remaining 395 TWh were used in the transportation sector, the 
industry sector and the residence and service sector. In the transportation sector alone 91 TWh were used 
for domestic transport, representing 23% of the final energy usage in Sweden. As shown in Figure 2 the 
main energy carrier in the transportation sector were oil products, representing 92% of the total energy 
usage within the sector. Thereafter, bio fuels were the second largest energy carrier representing 5.5% of 
the energy usage followed by electricity and natural gas. (Swedish Energy Agency a, 2012)  Due to the 
large share of oil products within the transportation sector, the domestic transports’ share of greenhouse 
gas emissions in the year of 2010 was 31% of the greenhouse gas emissions in Sweden, (Swedish 
Transport Administration b, 2012) which is a larger share than the sector’s share of used energy in 
Sweden. In order to decrease these emissions, the government has set goals to achieve a transportation 
sector that is independent of fossil fuels by the year of 2030. (Government Offices of Sweden, 2012) 
 

 
 Figure 2: The figure shows the share of the four different energy carriers within the transportation sector. (Energiläget 2012, 
Energimyndigheten 2012) 
 
The energy usage within the transportation sector could further be divided into the following four modes 
of transport: road, rail, air and ship transport. As shown in Figure 3, the road transport represents the 
largest share of the energy usage in the transportation sector. (Swedish Transport Administration b, 2012) 
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Likewise, the road transport also represents the largest share of the domestic transports’ greenhouse gas 
emissions, more exactly 93% of the total emissions. (Swedish Transport Administration b, 2012) 

 
Figure 3: The energy usage in the transportation sector divided on the four different modes of transport. (Swedish Transport 
Administration b, 2012) 
 
The transportation sector includes transport both of passengers and of goods, where the transport of 
passengers represents the largest share of used energy in all modes of transport. This is shown in Table 1. 
However, even though the transportation of passengers contributes the most to the energy usage within 
the domestic transport, the freight traffic by road uses 29% of the energy, due to the road transport’s large 
share of the energy usage within the entire domestic transport sector. (Swedish Energy Agency b, 2012) 
 
Table 1: These figures are estimates of the ratio of energy used for transportation of passengers and transportation of goods in 
the four different modes of transport 2010. (Swedish Energy Agency b, 2012) 
Mode of Transport Road Transport Rail Transport Air Transport Ship Transport 

Transportation of 
Passengers 

69% 63% 97% 79% 

Transportation of 
Goods 

31% 37% 3% 21% 

Total Energy 
Usage 

85 TWh 3 TWh 2 TWh 1 TWh 

 
Most of the energy used within the road transport is from fossil fuels. In the year of 2011, 93% of the 
energy usage within the road transport in Sweden was from fossil fuels. As a comparison, only 1% of the 
energy usage within the rail transport was directly from fossil fuels. (Swedish Energy Agency b, 2012) The 
rest of the rail transport’s energy usage was electricity, where only a small share of the Swedish electricity 
mix is based on combustion of fossil fuels. (Swedish Energy Agency a, 2012)  
 
If the governmental goal to 2030 is to be reached, changes have to be made within the freight traffic by 
road. These changes could be both into a usage of more efficient technologies as well as into a shift to 
cleaner energy. This would decrease the energy usage as well as the greenhouse gas emissions from the 
transportation sector. According to calculations presented by Elforsk, the domestic diesel consumption 
could be reduced by 55% if all trucks and busses were to be changed into electric vehicles. Since electric 
vehicles are more efficient, it would also lead to a decreased energy usage by 15 TWh. As a final result, the 
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lowered energy usage and the changed source of energy would reduce the national emissions of green 
house gases by 15%. (Ranch, Trådbussar och trådlastbilar, 2010)  
 
2.1.3 Future Energy Usage in the Transportation Sector  
 
The transportation sectors’ energy usage has increased during the past decades. It is estimated that it will 
have increased 10% by the year 2030, since the growth in transportation of people and of goods is likely 
to have a faster pace than efficiency improvements. Experts within the sector do not see a single solution 
on how to leave the fossil fuel dependence. Different solutions are probably going to be needed for land 
transport, air transport and ship transport. Due to different properties, the future technologies for 
passenger cars might differ from the future technologies for heavy vehicles (trucks and buses). There are 
multiple possible actions to be taken: the development of new fuels that can be used in the existing vehicle 
technologies, the development of new vehicle technologies, or the development of whole new 
transportation systems. (Agfors, et al., 2012)  
 
At a component level, the development of more efficient powertrains (improved engine, gearbox, battery 
etc.) will play an important part. The engine can either be an internal combustion engine, ICE, or an 
electric machine, EM. There is also a lot of research going on regarding alternative fuels (instead of diesel 
and gasoline), which would lead to changed types of energy used in vehicles.  (Agfors, et al., 2012) The 
yearly produced wood in Sweden is, energy wise, enough to cover the energy need for bio fuels in the 
transportation sector. However, the forest can also be used in many other ways such as other energy usage 
areas (heating, industry) as well as non-energy usages (pulp, wooden items). Additionally there is also the 
environmental effect that comes from a larger outtake of wood, as well as the higher production cost of 
bio fuels compared to fossil fuels. (Energy Committee, 2013)  
 
Many experts believe that the future is going to be dominated by hybrid vehicles: vehicles using electricity 
in combination with biofuels. This would create a change regarding what kind of vehicles that are used. 
For passenger cars, a battery and/or a fuel cell is enough to power the EM in most cases. With an 
improved future battery capacity, the concept is that these will be charged during nigh time and used for 
distances up to 100-150 km the day after. For longer trips, the ICE (preferably using biofuels) is available 
for a longer distance reach. For heavy vehicles, such as trucks and buses, the battery capacity will however 
not be enough. (Agfors, et al., 2012) The heavier the vehicle is, the heavier the battery. This makes the 
vehicle even heavier, which in turn requires the battery to be even larger. This becomes an unsolvable 
circle. Hence, if not something extremely drastic happens to the battery development, using batteries as 
the power source in heavy vehicles will not be enough. (Vågstedt, 2013). Therefore, other solutions are 
needed for heavy vehicles. (Agfors, et al., 2012) The Royal Swedish Academy of Science suggests a 
continuous electricity supply through overhead lines (an ERS) as a possible solution in the future. (Agfors, 
et al., 2012) This would mean a development of the whole truck transportation system.  
 

2.2 Technology   
 
This section begins with technological descriptions of the conventional truck and of the hybrid truck. 
Thereafter, the three main technologies for electric road systems (ERS) are described, which are the 
conductive power transfer either through overhead lines or through a rail in the road and an inductive 
power transfer from the road. The section ends with a presentation of the power grid, which the ERS 
needs to be connected to.  
 
2.2.1 The Conventional Vehicle 
 
The conventional truck is an internal combustion engine vehicle, meaning that the vehicle is powered 
through the internal combustion engine. The powertrain of a conventional vehicle delivers power from 
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the internal combustion engine, ICE, all the way out to the wheels. (Husain, 2011)  The ICE is a piston 
engine and is supplied with a fuel (a gas or a liquid), which it converts into mechanical energy and heat 
through a combustion process. A reciprocating piston engine is illustrated in Figure 4 and can be classified 
depending on several different characteristics such as: type of ignition, engine cycles and configuration. 
(Basshuysen & Schäfer, 2004)  
  

                                  
Figure 4: The figure illustrates a reciprocating piston engine. The piston moves in a vertical direction and is connected to the 
crankshaft through the connecting rod. Due to the movement of the piston, the crankshaft rotates around its own axis. 
(Basshuysen & Schäfer, 2004) 
 

As shown in Figure 4, the movement of the piston in the cylinder will make the crankshaft rotate around 
its own axis due to the connection through the connecting rod. The engine’s link to the rest of the 
powertrain goes through the clutch, which transmits torque from the engine to the gearbox. The gearbox 
changes the gear ratio depending on the truck’s speed and power requirements in order to reach the most 
efficient ratio. (Husain, 2011) The gearbox is thereafter connected through the propeller shaft and the 
differential to the rear axle and the rear axle is connected to the wheels. (Wu, Lin, Filipi, Peng, & Assanis, 
2004) Figure 5 illustrates the powertrain of a conventional vehicle.  
 
 

 
  
Figure 5: The figure shows the powertrain of a conventional vehicle. The arrows illustrate the possible power directions in the 
powertrain. (Husain, 2011) 
 
The needed power input to the ICE is the sum of the needed power output to the wheels, the power 
requirements for aggregates needed in the vehicle and power losses in the whole powertrain including the 
engine. When discussing the efficiency of a conventional vehicle it is therefore important to be aware of 
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the losses in all power requiring parts of the vehicle. (Sponton, 2013) The efficiency of the conventional 
truck has been improved a lot since the year of 1970, which according to Volvo Trucks, has resulted in a 
decreased fuel consumption by 40% for a truck that is used for the same purposes today as in 1970. 
(Volvo Trucks a, 2013)  
 
When discussing the efficiency of a conventional vehicle, it is important to be aware of the differences 
among the various kinds of ICEs. In order to optimize the efficiency, the engine has to be suitably 
selected depending on the vehicle’s needs. If the truck has a maximal engine power that is higher than 
what is required for its area of use, it will consume more fuel than necessary. (Swedish Transportation 
Administration c, 2012) The choice of an Otto2 or diesel engine for the truck also results in different 
efficiencies since the diesel engine has a higher efficiency compared to the Otto engine (Tauzia & 
Maiboom, 2013). Today, the diesel engine has a maximal efficiency of approximately 45% (Volvo Trucks 
a, 2013). However, the maximum possible efficiency is not the same as the average efficiency of today’s 
diesel engines. According to the Swedish Transportation Administration, the average efficiency of today’s 
diesel engines is at a level of 33% at normal drive. (Swedish Transportation Administration c, 2012) The 
efficiency of the engine is not constant during the drive and varies with changes in engine torque and 
rotation speed. (Basshuysen & Schäfer, 2004). The fuel consumption of an ICE is approximately 0.2 kg 
per delivered kWh to the powertrain. (Holmdahl, 2013) The ICE represents the largest losses of the 
powertrain, however, the transmission through the rest of the powertrain does also result in losses 
through frictions. (Sponton, 2013) 
 
Not all power that comes out of the engine will be transmitted through the powertrain in order to power 
the wheels. After leaving the engine, some power will be diverted to power aggregates that also are needed 
in the truck. The efficiency of the aggregates is approximately 60%. (Sponton, 2013)  
  
The power that is required for the wheels depends both on the need of acceleration and on different 
factors of external resistance. (Swedish Transportation Administration c, 2012) The factors of external 
resistance can be divided into: power needed to overcome rolling resistance, power to overcome the air 
resistance and power to increase the potential energy due to a positive road slope. However, if the slope of 
the road is negative, it will have an accelerating force on the vehicle instead of being a resistance. 
(Andersson R. , 2012) At moderate speeds and up to speeds at 90 km/h, the tire roll resistance represents 
the most dominating share of the external resistance. At speeds over 90 km/h, the air resistance makes 
out the most dominant share of the resistance. (Swedish Transportation Administration c, 2012)  
 
2.2.2 The Hybrid Vehicle 
 
The hybrid electric truck is a type of hybrid vehicle. It is therefore often referred to as the hybrid vehicle 
in this report. The hybrid vehicle has at least two different energy converters and two different energy 
storage systems for propulsion of the vehicle. These systems are all located on-board the vehicle. Usually 
the energy storage systems are a fuel tank and a battery and the energy converters are an ICE and an EM. 
(Husain, 2011)  
 
The interest for hybrid vehicles is increasing due to the technology’s ability to reduce the fuel 
consumption and thereby also reduce the emissions of CO2 and the fuel cost (Alt, Antritter, Svaricek, & 
Schultalbers, 2013). When the driver applies the brakes in a conventional vehicle, the kinetic energy is 
converted into heat. However, the hybrid drive technology enables a recovering of the braking energy 
through the EM. The recovered energy is then stored in the battery, which can be used when the vehicle is 
in need of power again. Hence, in moments when the vehicle can use stored energy from the battery for 
propulsion, less power will be needed from the ICE. Since less power is needed from the ICE, less fuel 
will be needed. Due to the use of braking energy, the hybrid system is most effective in traffic where the 
braking system is used frequently such as stop-and-go traffic and on hilly roads. (Knutas, 2013) A hybrid 
vehicle that also can be supplied with energy from an external electric source is called a plug-in hybrid 
vehicle. (Husain, 2011) 
                                                        
2 An Otto engine in general uses gasoline as fuel. 
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The powertrain architectures of hybrid vehicles have evolved out of two basic configurations: parallel and 
series hybrids. In the series hybrid vehicle, shown in Figure 6, it is the EM that provides the wheels with 
power, which is configured in series with the ICE. The ICE is used to power the generator in order to 
load the battery when it needs to be charged. The power from the battery is then used in the EM. (Husain, 
2011) The parallel hybrid, on the contrary, can deliver propulsion power to the wheels from more than 
one device since the ICE and the EM are configured in parallel (Alt, Antritter, Svaricek, & Schultalbers, 
2013). The architecture of a parallel hybrid vehicle is shown in Figure 7. The EM both functions as a 
generator and as a motor. When the battery is used for energy storage the EM is used as a generator and 
when the battery is used for propulsion the EM is used as a motor. (Husain, 2011) Parallel hybrids are 
most suitable for trucks due to benefits in efficiency and cost. (Lindström, 2013)  
 

 
Figure 6: The figure shows the powertrain architecture of a series hybrid, in which the arrows illustrate the possible power 
directions in the powertrain. (Husain, 2011)  

 
Figure 7: The figure shows the powertrain architecture of a parallel hybrid, in which the arrows illustrate the possible power 
directions in the powertrain. (Alt, Antritter, Svaricek, & Schultalbers, 2013)  
 
The hybrid trucks have not yet reached a large-scale market implementation, which is why competitive 
market prices have not yet been set for the hybrid trucks. (Lindström, 2013) The costs for the hybrid 
trucks are higher compared to the costs of the conventional trucks. This is both due to the cost for the 
additional components that are needed in the configuration of the architecture and to the complex 
software functions that are needed. (Alt, Antritter, Svaricek, & Schultalbers, 2013) Besides, if hybrid trucks 
are not produced in nearly as large series as conventional trucks, they can not benefit from the same 
economies of scale as the conventional trucks benefit from. Research and development could lead to 
better performing and less expensive components, which in combination with an increased production of 
hybrid trucks could drive down the prices on hybrid trucks. However, even if the costs are reduced for the 
hybrid truck it is likely to believe that they will be more expensive than the conventional trucks in 2020 
due to their additional components. (Lindström, 2013)  
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Just like in the case of the conventional truck, the hybrid truck’s power requirement from the engines for 
propulsion is the sum of the needed power output to the wheels, the power requirements for the 
aggregates and the power losses in the whole powertrain. A hybrid truck with the same external 
configuration and with the same weight as a conventional truck requires the same power output to the 
wheels as the conventional truck. (Sponton, 2013) The power required for the aggregates is decreased due 
to an increased efficiency. The aggregates in the conventional truck are adapted to the rotation speed form 
the ICE, while the aggregates in the hybrid truck can be disconnected from the ICE’s rotation speed. The 
disconnection enables an optimization of the system with an efficiency of 85% as a result. (Lindström, 
2013) The losses in the powertrain are the same in the hybrid truck as for the conventional truck. 
(Sponton, 2013) 
 
When braking, the power that is generated in the wheels will be transmitted through the powertrain to the 
EM. Due to friction in the transmission, approximately 5% of the power will be loosed through the 
transmission from the wheels to the EM. The power that can be recovered and used to charge the battery 
of the total power that reaches the EM depend on the power limits of the EM and of the battery as well as 
on the power losses in the EM and in the inverter. The power can be charged on the battery also depends 
on the state of charge (SOC) of the battery. A SOC of 100% indicates that there is no more room for 
more energy recovery at that point. (Sponton, 2013) The future hybrid trucks are likely to have an EM 
with a maximum power limit of approximately 130 kW. The losses in the EM and in the inverter depend 
on the torque and on the rotation speed, with efficiency levels of around 90-95% at optimal operations. 
(Engström, 2013) The batteries of studied hybrid truck concepts seem to have a maximum power limit of 
around 100 kW when charging and discharging. (Volvo Trucks b, 2013) The efficiency of the battery is 
approximately 95% both when charging and discharging. It is likely that future concepts will include 
batteries that have a higher power limit of 200 kW for charging and discharging. (Öman, 2013)  
 
The SOC of a battery is the present capacity of the battery and is expressed as a percentage. The SOC is 
the amount of energy that remains after discharging from a top-of-charge condition and varies between 
0% and 100%, where 0% indicates an empty and 100% indicates a full battery. (Husain, 2011) However, 
the SOC describes the level of the cycle window of the battery, not the actual charge of the battery. 
Hence, when the SOC is 0% there is still energy stored in the battery and when the SOC is 100%, it is still 
possible to charge the battery even more. Charging and discharging the battery within the SOC limits 
enable a longer life of the battery. (Broussely, 2010) The batteries in the analysed hybrid concept use a 
SOC window of 1.2 kWh. (Volvo Trucks b, 2013) In analogy with assumptions of increased power limit 
future battery concepts are assumed to have a SOC window of 10 kWh. (Öman, 2013) 
 
2.2.3 The Electric Road System 
 
There are three main technologies for ERSs that are considered in the industry. These are the conductive 
power transfer through overhead lines, the conductive power transfer from rails in the road and inductive 
power transfer through the road. (Swedish Transport Administration a, 2012) ERSs need three main 
components:  

 
• An ERS vehicle with a drive technology with an inverter and an EM that can transform the 

external electricity supply into mechanical energy for propulsion. 
• The electrified system of the road enabling a continuous power supply. 
• The technology that enables the electricity to transmit from the ERS to the vehicle and to 

connect and disconnect when in motion. (Siemens, 2012)  
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Overhead Contact Lines 
The overhead line technology is based on traditional contact line systems, such as the technologies used 
today in trains, trams and trolleybuses. Electricity is continuously transferred from the overhead lines to 
the vehicle through a pantograph, which is the component used to transmit the electricity from the 
overhead lines to the vehicle. The ERS is made up of electricity pylons along the road holding the 
electricity wires. The applications today are in closed systems, i.e. vehicles moving along a predetermined 
path. These are continuously connected to the overhead lines and in most cases also to a rail in the 
ground. (Projektengagemang Energi & Klimatanalys for Svenska Elvägar AB, 2011) In case of overhead 
lines for trucks, however, the truck should be able to connect and disconnect to the overhead lines at up 
to 90 km/h. The ERS vehicle will automatically switch over to the diesel-hybrid drive technology when 
there are no overhead lines available. (Siemens, 2012) 
 
The electricity wires 
According to Svenska Elvägar and Projektengagemang, the distance between the poles carrying the 
overhead lines is likely to be 40-50 m. The laws for high voltage electricity in Sweden states that such wires 
must be located at least 6 m above the ground. Low voltage wires have to be located at least 5.1 m above 
ground level. (Projektengagemang Energi & Klimatanalys for Svenska Elvägar AB, 2011) The voltage used 
in the ERS is likely to be low voltage (750 V or 1500 V). (Nordqvist, 2013) This law may change, but 
above 5 meters is considered to be an appropriate height. When passing under a bridge, the required 
height is 4.2m for low voltage and 4.8m for high voltage. (Projektengagemang Energi & Klimatanalys for 
Svenska Elvägar AB, 2011) Because of the height regulations, overhead lines technology can only be 
applied on large vehicles (such as trucks and buses). The potential usage of overhead lines technology is 
therefore based on the assumption that passenger cars may instead be plug-in hybrids using batteries, see 
the reasoning in Chapter 2.1.3. Unlike trains and trams, the ERS does not have a rail to handle the return 
circuit. Therefore its contact line will be designed similar to trolleybuses, with a two-pole system that can 
handle power in-feed and out-feed. This way, regenerative braking power from the trucks can be 
transmitted back to the overhead lines and used by other vehicles in the system that currently is requiring 
power. (Siemens, 2012). In order to protect the overhead lines to fall down, a protection bar is likely to be 
built along the road to protect the poles from getting hit by a car and fall down. Depending on the quality 
of these bars, the price varies between a few hundred SEK/m to 2000 SEK/m. (Projektengagemang 
Energi & Klimatanalys for Svenska Elvägar AB, 2011) Figure 8 shows an overview of the overhead line 
system.  
 

 
Figure 8: The figure shows a truck driving on an electrified road using overhead lines. (Siemens, 2013)  
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Intelligent Pantograph 
The overhead lines technology for trucks will in most cases not be a closed system. A truck driving on an 
electrified highway must be able to leave the highway and continue its journey on a road without 
electrification. It must also be able to disconnect from the overhead lines when overtaking another car, 
and when passing a non-electrified part of the road. This includes crossroads, some bridges, highway exits 
and more. Also, the truck will not be driving in an exact path in the road; the lateral placement on the road 
may vary between different cars and times. Therefore, the pantograph needs to be “intelligent”, meaning 
that it must be flexible and able to handle different traffic situations. (Projektengagemang Energi & 
Klimatanalys for Svenska Elvägar AB, 2011) Figure 9 shows a picture of a possible design of an intelligent 
pantograph.  
 

 
Figure 9: The figure shows an intelligent pantograph, which can move in a more flexible way. (Projektengagemang Energi & 
Klimatanalys for Svenska Elvägar AB, 2011)  
 
Using the intelligent pantograph enables a continuous electricity transmission even when the vehicle is 
driving in a fast pace, not straight under the overhead lines and varying its path slightly. The pantograph 
can also handle vertical changes, such as if the road is raised slightly due to frozen ground. The 
pantographs that exist in large scale today are not “intelligent”, as they are designed for the closed systems 
of trains and trams. Therefore, more research and testing are needed on intelligent pantographs. The 
intelligent pantograph is around 2-3 times as complex than a traditional one. A traditional pantograph 
costs 30 000-80 000 SEK, and the intelligent pantograph is therefore expected to be priced somewhere 
between 120 000 and 240 000 SEK. (Projektengagemang Energi & Klimatanalys for Svenska Elvägar AB, 
2011) 
 
Additionally, a search system is needed for the pantograph to find the overhead lines when these are 
available.  There are multiple search technologies available and under development. The price and the 
weather durability are factors that will matter in the choice of search system. (Projektengagemang Energi 
& Klimatanalys for Svenska Elvägar AB, 2011) 
 
The Placement of the Pantograph 
Placing the pantograph above the cabin optimizes the cargo space. It is likely to be placed on the vehicle’s 
chassis, since this can handle the extra weight. In Sweden, the height limit for trucks is 4.5 m. It is 
therefore important that it is possible to fold down the pantograph. When folded down, the pantograph is 
protected from wind behind the windbreak. (Projektengagemang Energi & Klimatanalys for Svenska 
Elvägar AB, 2011) Figure 10 shows an overview of the placement of the pantograph.  
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Figure 10: The figure shows a pantograph attached to a truck (Projektengagemang Energi & Klimatanalys for Svenska 
Elvägar AB, 2011) 
 
When passing under a bridge, one alternative is that the pantograph is folded down. The other alternative 
is that the overhead lines continue under the bridge, but without electrification. According to Harry Frank, 
one of the founders of the ERS lobbyist company Svenska Elvägar, this is a possible suitable solution. 
(Frank, 2013)   
 
Siemens’ eHighway 
Siemens have developed a test track in Germany that uses the overhead line technology. A picture from 
the test track is shown in Figure 11. Siemens call their technology eHighway. With eHighway, Siemens has 
shown that overhead lines and that the use of an intelligent pantograph is technologically possible. 
Weather tests are now being carried out at the test track, to show that the system can handle different 
weather conditions (Siemens, 2012).  
 

 
Figure 11: The figure shows Siemens overhead lines technology eHighway. (Siemens, 2013) 
 
Costs and efficiency  
Since the technology is not in commercial use today, it is hard to estimate exacts costs. According to 
Projektengagemang’s and Svenska Elvägar’s report from 2011, the cost for overhead lines are 
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approximately 10 million SEK per km. (Projektengagemang Energi & Klimatanalys for Svenska Elvägar 
AB, 2011)  
 
The transmission losses of the system between the substations and the pantograph depends on factors 
such as spacing of substations, number of trucks, distance between the trucks, contact line materials and 
feeding concept. The efficiency in the contact line system will be around 90-97%, depending on design 
and on conditions at the moment. The pantograph has 98.5-99% efficiency. (Lehmann a, 2013)  
 
Conductive Power Transfer from Rails in the Road 
Conductive power transfer from below alone (without overhead lines) is newer than overhead lines. The 
French company Alstom have developed a conductive power transfer technology that conducts power 
from below, called Aestetic Power Supply (APS). Since 2003, a tramway in Bordeaux uses the APS-
technology.  Multiple other cities in France have also started using this technology. This APS-technology 
is now being modified slightly, in order to suit vehicles such as trucks and passenger cars. (Alstom, 2013) 
The Swedish company Elways have developed another technology for conductive power transfer from 
below called Elways. (Elways c, 2013) These technologies use the same basic principles. One advantage of 
power supply from below compared to the overhead lines is that the visual impact it minimized. (Elways 
d, 2013) 
 
The technology 
In these technologies, the electricity is transmitted from the power grid to rails in the ground. Hence, a 
current collector (pickup) is needed as an interface between the road and the vehicle. To increase safety 
for humans and animals, the power supply rail is segmented. This means that a segment only is powered 
when occupied by a vehicle. For the Alstom-system, these segments are 8 meters for tramways. The 
length of these might need to be modified to suit trucks and possibly also to suit other vehicles. (Alaküla, 
2013)  In Elways’ technology, a shorter distance of around 50 meters will be electrified at a time. The 
electric conductors are furthermore lowered in the road reducing the risk of accidents. The danger of 
being on a road segment that is electrified will not be much higher compared to being on a normal road, 
since getting hit by a vehicles still will be the highest risk. (Asplund a, 2013) Weather might be an issue for 
the system with rails in the ground. The system is designed so that small items, snow and rain is rinsed 
from the track automatically when there is enough traffic due to the many pickups passing by. An ad-on 
plough on a plough car can take away snow and ice in extreme winter conditions. Additional heating can 
also be used. (Elways b, 2013) Research is being carried out on how to adjust the technologies to the 
Swedish climate. (Alaküla, 2013)   
 
The electricity pickup 
The pickup has to follow the rail also when the vehicle is not perfectly aligned with the road and therefore 
it has a flexible mechanical construction. This means that the pickup body can move and find the rail also 
when the vehicle is slightly displaced in the road path. As in the case for overhead lines, the current 
collector has to be able to automatically connect and disconnect to the power supply. (Elways d, 2013) A 
simplified picture of what the pickup could look like is shown in Figure 12. A sensor, located on the 
pickup senses when a rail is available. (Alaküla, 2013; Alt, Antritter, Svaricek, & Schultalbers, 2013; Elways 
a, 2013)  
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Figure 12: The basic concept of a pickup is shown in the figure. The pickup transmits electricity between the electric road and 
the vehicle.   
 

Costs and efficiency 
Elways state on their webpage that the cost for building the Elways-technology would be 4-5 millions 
SEK per km. (Elways d, 2013) According to Gunnar Asplund the Elways-system will have an efficiency of 
96%, including the losses in the transformers, alteration switches, rails and vehicle contacts. This depends 
on the choice of voltage and on the quality of electrical components. High quality components have a 
higher investment, and in turn the transmission losses decrease. (Asplund b, 2013) 
 
The Inductive System 
In inductive ERS, electricity can be transferred to a moving vehicle without a mechanical contact. (Lorico, 
Taiber, & Yanni, 2011) The principle used in inductive power transfer technology is the AC transformer 
principle. Figure 13 shows an overview of how the principle works. Picture A in Figure 13 shows an AC 
transformer, which for example is in power transfer. It has a laminated iron core, which directs the 
magnetic flux from the first winding to the second with low losses. To enable the inductive power transfer 
technology, the core is split (see picture B, Figure 13). One half of the transformer will be in the vehicle, 
and one is elongated and placed in the road. This enables a continuous power transfer as the vehicle 
moves along the road, see picture C in Figure 13. (Lee, Park, Cho, Huh, Choi, & Rim, 2010)  
 
In order for the inductive power transfer to work correctly, it is important that the vehicle’s pick-up area is 
located straight over the inductive power source. This can be solved either by widening the pick-up area 
on the vehicle and/or by increasing the width of the inductive power transfer area in the road. (Covic, 
Boys, Kissin, & Lu, 2007) In order to have a high efficiency, it is also important that the air gap is 
minimized. (Challen, 2012) 
 
The winding will be located under the asphalt so that no cables are exposed. Induction generates strong 
magnetic fields. Due to segmentation, this will only happen at segments covered by a vehicle. The vehicle 
will have safety shields to protect the surroundings as well the driver and the goods from the magnetic 
fields. (Wu, Gilchrist, Sealy, Israelsen, & Muhs, 2011)  
 
Since the electricity components are located under the asphalt, the system is not very sensible for varying 
weather conditions. When exposed to cold weather conditions, the system can be equipped with a 
snowmelt mat. (Wu, Gilchrist, Sealy, Israelsen, & Muhs, 2011)  
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Figure 13: The figure shows an overview of the principle behind inductive power transfer. Picture A shows a transformer, 
picture B shows a split transformer and picture C shows the inductive power transfer. (Lee, Park, Cho, Huh, Choi, & Rim, 
2010) 
 
Segmentation 
Similar to the conductive technology, the inductive ERS will be divided into different segments. A 
segment will only be powered when an authorized induction-equipped vehicle is located above the 
segment, see Figure 14. (Wu, Gilchrist, Sealy, Israelsen, & Muhs, 2011) 

 
Figure 14: As can be seen from the figure, a segment is only powered when occupied by a vehicle. (Wu, Gilchrist, Sealy, 
Israelsen, & Muhs, 2011) 
 
When the vehicle moves along an ERS using inductive power transfer, the power transfer will be constant 
in order to maintain the best efficiency. This differs from the other technologies (using conductive power 
transfer), in which the level of power transfer can be varied. This is a limitation with the inductive power 
transfer technology and leads to consequences on how the power transfer from the road and the battery 
interact. Because of this, the power transfer segments are likely to be spread out so that the battery can be 
used when fully charged. By spreading out the segments, the excess power from the ERS will be stored in 
the battery, and used at the segments where the electric road is not available. The diesel engine will 
normally be switched off during these segments, but can be turned on in order to provide extra power in 
the case of takeover, acceleration and uphill-climbing. (Lukic, Saunders, Pantic, Hun, & Taiber, 2010) 
 
Costs and efficiency 
Because of the advanced technology, the costs associated with an inductive power transfer system are 
likely to be significantly higher than in a conductive power transfer system (Asplund a, 2013). This is 
especially the case initially, before the system has been tested and implemented to a larger extent than 
today. The efficiency decreases when the air gap increases. or when the vehicle is not perfectly aligned 
above the inductive power transfer area. (Lee, Park, Cho, Huh, Choi, & Rim, 2010)  
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2.2.4 The Power Grid  
 

In order to electrify the roads, the electricity grids along the roads have to be connected to the rest of the 
electric network.  
 
The Swedish national grid is used for electricity distribution over long distances. It is operated by the 
state-owned public utility Swedish national grid. (Swedish national grid, 2012) The electricity in the 
Swedish national grid has very high voltage, 400 kV. After the distribution in the national grid, the voltage 
is lowered and the electricity is transferred into the regional grid. (Bergman, 2011) 
 
The regional grid has voltages between 20 kV and 130 kV. Multiple companies own the regional grids. 
Each company has, within their geographical area, exclusivity to provide the customers with an electricity 
grid within that certain area. This is called network concession, and is issued by The Swedish Energy 
Markets Inspectorate. The three electricity grid companies E.ON Sverige AB, Vattenfall AB and Fortum 
Power and Heat AB own the larger parts of the Swedish regional grids. (Bergman, 2011) The electricity in 
the regional grids is thereafter distributed either to the local grids or directly to large electricity users such 
as industries. (Swedish Energy Market Inspectorate, 2011) 
 
Many different companies have concession to provide local grids. These can be energy companies 
(Vattenfall, Fortum, E.ON etc.) or communal companies. Each local grid company distributes electricity 
to end consumers, such as households, companies and smaller industries, within a geographical area. 
(Swedish Energy Market Inspectorate, 2011) The voltage varies from 20 kV to 230 V. The voltage is 
lowered step by step until it reaches the level of 230 V that is used in household sockets. (Bergman, 2011) 
When constructing ERS, electricity supply is needed over a large distance. Elforsk suggests in their report 
that an electric highway should be connected to a 12 or 24 kV grid. Such voltage levels are common 
voltage levels for high voltage contracts, which are offered by local and regional grid owners. The 12 kV is 
a common voltage level and it is low enough to be associated with local grid owners, whilst the 24 kV 
often means connecting to a regional grid. (Bergman, 2011) This could either be done by connecting to 
local grids at many points, or by connecting to regional grids at some points and build a grid along the 
road. ERS are not yet part of the public road system.  In order to make predictions about what the 
electricity distribution to the ERS would look like, two existing systems that are similar can be 
investigated: the railway system and the road lightening system. 
 
Comparison with Road Lightening and Railway Systems 
Railway systems and road lightening systems are two existing systems in which electricity needs to be 
provided continuously over a large distance. 
 
Swedish railway system characteristics: 
 

• It is 50-100 km between the electricity feeding points 
• It has 20-220 kV 3 phase, which is then converted to 15 kV 16 2/3 Hz single phase 
• It is connected to regional grids  
• Contact is needed with around five different regional grid owners 
• The Swedish Transport Administration is responsible for the system (Biedermann, Swedish 

Transport Administration, 2013) 
 
Swedish road lightening system characteristics: 
 

• It is 1.0-1.2 km between the electricity feeding points 
• Each electricity distribution box has its own measurement and fuse, usually 16-20 A (low voltage) 
• It is connected to the local grid 
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• Contact is needed with a large number of local grid owners 
• It is mainly the Swedish Transport Administration that is responsible for the system (sometimes it 

is communal companies that are responsible for the system) (Andersson P. , 2013) 
 

Both regional and local grid owners have concession within a geographical area. This means that they have 
the right – and obligation – to provide a specific area with an electricity grid. Therefore, the first step 
when providing electricity to road lightening or part of a railway is to contact the grid owner within that 
geographical area and to ask them to construct the needed electric equipment. (Bergman, 2011) In the case 
of railway construction, high voltages are needed, which is why the system has to be connected to the 
regional grid. There are in total 45 connection points for the railway system to the regional grid. From the 
connection points, electricity lines are drawn along the railway and provide the rail with electricity. These 
lines are owned and operated by the Swedish Transport Administration. There is also an additional 
auxiliary power supply system from which 11-22 kV is distributed to heating, signalling, lightening etc. 
(Biedermann, Swedish Transport Administration, 2013) In comparison, the road lightening system uses 
many more electricity distribution boxes along the road. These are connected to a large number of local 
grids. Therefore, the one who is responsible for the road lightening for a certain road may have a large 
number of local grid owners to manage contacts with. (Andersson P. , 2013)  
 
Suitable Power Grid for the Electric Road System 
Based on the comparison to Swedish railways and road lightening systems, the electricity distribution 
needed for an ERS is much more similar to the railway system than the road lightening system. This is 
because of the voltage levels, which are much lower for the road lightening system compared to the 
needed voltage levels in the ERS. The minimum voltage needed for the ERS is, as mentioned in Chapter 
2.2.4, around 12-24 kV. If 24 kV is used, this would enable a connection to a regional grid, in a similar way 
as for railways.  
 
Another alternative is to connect ERSs to 30 kV. This alternative has the advantage that 30 kV is a 
common voltage level for a medium sized wind power farm. Therefore, using 30 kV would enable a 
broader implementation of wind power in Sweden. (Sebestyen, 2013) Furthermore, 30 kV means a 
connection to the regional grid. Connecting to the regional grid means fewer grid companies to keep 
contact with compared to the case of connecting to multiple local grid owners. Finally, a higher voltage 
also has the benefit of less electricity losses. (Sidén, 2013) 
 
If 24 kV or 30 kV is used in the ERS, it would in many cases lead to a connection to a regional grid that 
has an even higher voltage, such as 130 kV. In these cases, the voltage has to be lowered through 
transformers. These transformers are associated with quite high investment costs. They are however likely 
to be placed with some distance, around 20 km. With a larger distance, fewer transformers need to be 
purchased. A grid with 24 or 30 kV would then be built from the transformer to the road. The distance 
from the regional 130 kV-grid (where the transformers are likely to be built) to the road would be a couple 
of km, approximately around 5 km but this could differ due to geographical circumstances. The 24-30 kV 
grid would thereafter continue alongside the road. (Sebestyen, 2013) The trucks would probably use 750-
1500 V DC, as this is today’s standard for trolleybuses. The ERS would therefore be fed with electricity 
from substations that have two functions. They both lower the voltage to the level that the trucks use and 
they rectify the electricity. (Bergman, 2011) Depending on the needed power distribution to the road 
segments, these substations could be located with different intervals of one to a few km. (Rydh, 2013) 
Figure 15 shows an overview of the electricity distribution to the ERS. 
 
1500 V is the upper level for what is still to be considered low voltage, which makes the electricity safety 
regulations easier to follow. (Frank, 2013) Sections of the road where there are many trucks starting at the 
same time (for example after a resting place), might have to be enhanced further to be able to feed higher 
voltages. (Nordqvist, 2013) Another alternative is to increase the numbers of substations feeding the 
critical part of the road. If the power fed from the electric road would not be enough, the trucks can use 
their battery or diesel engine to power the wheels. (Frank, 2013) There will be either two separate grids for 
the two different driving directions, or one interconnected. One benefit with having them interconnected 
is that the power required for hills will even out a bit, since one driving direction will be uphill and the 
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other downhill. The trucks driving uphill will require extra power, whilst the trucks driving downhill rather 
will have the possibility to feed back electricity on the grid when barking. (Frank, 2013)  
 
 

 
Figure 15: The figure shows a simplified overview of what the power distribution to an electric road could look like. Note that 
the figure is not to scale and that the voltage levels and distances should be seen as examples of possible future ones.  
 
Cost and efficiency 
As always in a power grid, there will be some transmission losses. First, there are the losses in the grid 
already in place today. Then, there are the losses in the transformer, in the 30 kV grid and in the rectifiers. 
The rectifiers can be said to be part of the ERS. In the transformer, grid and rectifiers together, the loss 
will be approximately 5%. (Lehmann b, 2013) The cost of building this additional power grid is very 
unsure, since it has not been done before. A rough estimation is that the power grid system would costs 
from a few millions per km ERS up to as high as 20 million per km ERS. (Rydh, 2013)  
 
Ownership 
The electricity net concession means that each company with concession rights has exclusivity to provide 
the customers with an electricity grid within a certain area. (Bergman, 2011) However, the regulation 
2007:215 states exceptions from the electricity net concession. According to paragraph 13 in this 
regulation, an internal net may be built and used in order to meet traffics electricity demand. (Sweden, 
2007) This is valid for all different voltage levels. Therefore, the electricity network along the road may be 
owned and operated by for example the Swedish Transport Administration. It is not certain, however, 
whether the electricity network going from the transformers to the road will be covered by the exception 
regulations. Therefore, it might be that regional grid owners operate these segments of the system. A few 
local grid owners have the permission to provide grids with up to 40 or 70 kV and might therefore also be 
involved. (Sidén, 2013) However, despite the involvement of these additional local grid owners with extra 
permissions, the overall number of contracts with grid owners would still be low. 
 
It is important to note that if ERSs where to be introduced, it is likely that regulations would change. 
Many of these changes are hard to predict today, and need further investigation and pilot project tests. 
(Nordqvist, 2013) 
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Secure Electricity Distribution  
Secure electricity distribution refers to the availability in the electricity delivery. The Swedish grid has a 
delivery security of 99.99%. (Bergman, 2011) The ERSs are expected to have a high operational delivery 
security since: 
 

• Today, there is an overall over-capacity in Sweden’s power grids. Also, Sweden is both an 
importer and exporter of electricity, but the installed production capacity is considered high.  

• The ERS will be sectioned, meaning that the other sections still operate if another section 
experiences problems.  

• If the electricity supply system would fail, the trucks can use power from their battery and diesel 
engines instead. (Bergman, 2011) 

 
Electricity Safety 
The electric safety in Sweden is very high: there are very few electricity related accidents in Sweden 
compared to other countries. With ERSs new issues arises: there is a fear that overhead lines might be 
torn down, that people might come in contact with the electric tracks in the road or that induction might 
generate dangerous magnetic fields. There are precautions that can be taken in order to make the system 
safer. A sectioning of the road can also be used in order to make sure that the sections only are electric in 
moments when they are occupied with trucks. Parts that are not occupied with trucks at the moment will 
therefore not be electric. Another is to have smart information systems that discover system changes and 
accidents so that the electricity is turned off at parts when errors occur. (Bergman, 2011) Also, the chosen 
voltage level is low compared to train systems. The dangerous electric lines in the current subway and train 
systems has a low frequency of related accidents since people are aware of the danger associated with the 
high voltage and therefore avoid the electric areas. (Frank, 2013) 
 

2.3 Stakeholders  
 
There are multiple different stakeholders influencing and being influenced by a potential electric road 
system (ERS). The stakeholders include the haulage contractor companies, the vehicle industry, the 
environment and society as a whole, political stakeholders, potential investors as well as electric road 
companies. The ERS companies can further be divided into construction companies, electricity companies 
(producing, distributing and selling electricity) and technology companies providing the technology at the 
road. An overview of the stakeholders is showed in Figure 16.  
 
In order for the different stakeholders to be willing to accept and invest in an ERS, long-term conditions 
are needed. The government has to provide these long-term conditions. (Nilsson, 2013)   
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Figure 16: Many different stakeholders influence and are influenced by a potential electric road system 
 

2.3.1 The Haulage Contractor Companies 
 
Transportations with trucks are defined as either commercial traffic (haulage contractor companies) or as 
transportations within the own firm with company vehicles. In year 2011 there were 548,272 Swedish 
trucks in traffic, out of which 488,434 were company vehicles and 59,830 were in commercial traffic. 
However, commercial trucks are more common than company vehicles within the share of heavy trucks in 
the vehicle fleet. In the year of 2011, there were 10,026 haulage contractor companies in Sweden. Out of 
these, 48% were one man-companies and 4% of the haulage contractor companies had 16 trucks or more. 
However, these 4% makes up 35% of the total amount of commercial trucks. All haulage contractor 
companies do not sell their services directly to end-costumers. Instead, many companies within the sector 
cooperate to centralise their marketing, customer services, transportation planning and administration. 
This is done through shared haulage contractor- or truck pools. Some larger haulage contractor companies 
chose to do all this within the firm. Many haulage contractor companies have contracts with 
intermediation companies of transport services, and get their orders through them. Schenker and DHL are 
examples of such intermediation companies of transport services. These intermediation companies can 
also have some haulage contractor services of their own. Additionally, there exist companies specializing 
in specific types of transportations, such as transports within the forest industry. An overview of the 
different types of actors within the haulage contractor field is shown in Figure 17 (Swedish Association of 
Road Transport Companies, 2013)  
 



 
 

47 

 
Figure 17: The figure shows the different actors within the haulage contractor industry. (Swedish Association of Road 
Transport Companies, 2013) 
 

From Table 2 and Table 3, one can see that the long-distance transport has around 1/3 of its costs from 
purchase of diesel. This post is not as important for local distribution, for which the salaries make up 
more than half of the total cost.  
 
Table 2: The table shows the cost distributions for haulage contractor companies within local distribution. (Swedish 
Transport Administration b, 2012) 
Local Distribution Percentage of 

total costs 2013 
Vehicle Tax 1.1% 
Truck Insurance 2.6% 
Depreciating 10.2% 
Interest rate 2.3% 
Salaries 54.9% 
Administration 10.3% 
Tires 1.5% 
Diesel 11.3% 
Reparations 5.5% 
 
 
Table 3: The table how the cost distributions for haulage contractor companies within long-distance transport (Swedish 
Transportation Administration c, 2012) 
Long-Distance 
Transport 

Percentage of 
total costs 2013 

Vehicle Tax 0.7% 
Truck Insurance 1.8% 
Depreciating 12.9% 
Interest rate 1.6% 
Salaries 39.0% 
Administration 3.7% 
Tires 2.8% 
Diesel 29.9% 
Reparations 7.4% 
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Vehicles’ operation time 
The time that a vehicle will be in operation depends on factors such as geographical conditions and 
driving assignments. Additionally, haulage contractor companies and/or geographical areas may have rules 
regarding the accepted age of the vehicles in use. For example, Stockholm and Uppsala requires trucks in 
these cities to be maximum 8 years old. (Heierson a, 2013) According to Torbjörn Heierson at Sveriges 
Åkeriföretag, the estimations showed in Table 4 can be used for different types of transportation vehicles. 
 
Table 4: The years, kilometers/year and total kilometers is different for local distribution in a city, local distribution outside 
a city and long-distance transport. (Heierson a, 2013) 
Long-Distance 
Transport 

Years Kilometers/year Total Kilometers 

Local Distribution 
City 

8 40 000 Varies 

Local Distribution 
outside City 

10 45 000 Varies 

Long-Distance 
Transport 

Varies 168 000 1 000 000 

 
Given this, a long-distance truck driving 3-shift every day may drive up to 1,000,000 km in three years, 
while another long-distance truck that more often has to load and unload may use 100,000 km per year 
and therefore last 10 years. (Heierson a, 2013)   
 
The haulage contractor companies are the ones that would use the ERS. Therefore, it is important that the 
electric road system is attractive for this stakeholder group. The positive outcome of an electric road 
system for the haulage contractor companies will be decreased energy costs. (Projektengagemang Energi 
& Klimatanalys for Svenska Elvägar AB, 2011) Due to low marginal of only 2-3% in the haulage 
contractor industry, decreased costs would be the most important benefit of ERSs. There may also be 
additional benefits such as longer vehicle lifetime, lower sound level from the vehicle, less vehicle 
maintenance needed and a green brand. (Heierson a, 2013) The possible disadvantages for this stakeholder 
group are that it is a new kind of system that they have to get used to. (Myrbäck, 2013) Also, the cost for 
purchasing the vehicle will be higher. It can therefore be a risk to change into an ERS vehicle. In order for 
the haulage contractor companies to make the purchase, it is important that it is guaranteed that the ERS 
will be developed and functional for some time. This is important both in order for the haulage contractor 
companies to be able to use the system, and for the vehicles to have a good second-hand value. (Heierson 
a, 2013)  
 
2.3.2 The Vehicle Industry                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
 
The focus of this thesis is trucks. Therefore, only this part of the vehicle industry will be described. The 
truck industry production companies are companies such as Scania, Volvo and Mercedes. (Volvo Group 
Sverige, 2013) Today, a well-functioning internal combustion engine (ICE) is a very important part of 
their competitive advantage. The ICE is still an important component in a hybrid vehicle. However, if 
ERSs would become more common, it is important for the truck industry to develop a competence also 
within this area. It is possible that the vehicle industry would go through a paradigm shift if the ERS 
became common. Therefore, the disadvantage for the vehicle industry is that some companies might be 
left behind. On the other side, there could be great first-mover advantages for other vehicle production 
companies. (Tongur, 2013)  
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2.3.3 The Electric Road System Companies 
 
Many companies that not normally are involved in the truck industry would be involved in a future ERS 
scenario. This involves energy companies, construction companies (to a greater extent than before) as well 
as the companies within the ERS technology along the road. Therefore, the ERS involves an opportunity 
for these companies to do affairs and grab a share of this potentially upcoming market. Companies 
working with construction, such as NCC, ABB, Sweco, ÅF and Tyréns, could potentially build the 
infrastructure for the electric road system. Electricity distribution companies would be needed in order to 
construct additional power grid. A large-scale ERS would increase the electricity use in Sweden, resulting 
in larger production and sales for the electricity production companies and the electricity trading 
companies. Alstom, Bombardier, Elways and Siemens are examples of ERS technology companies. For 
them, it would generate profit if their ERS technology were to be used. However, there is a risk in 
developing these technologies since there are no guarantees so far that these will be implemented. 
(Nilsson, 2013) It is important to note that different kinds of ERS technologies can be used in different 
settings. (Vågstedt, 2013)  
 
2.3.4 The Political Stakeholders and the Potential Investors 
 
The question about whether or not ERSs will be implemented is in a large extent a political decision. 
ERSs can save both energy and money and decrease the emissions of CO2, but it requires a large 
investment. This includes both the investment for the actual infrastructure, research funds, as well as 
financial support and economic incentives for early adopters. Because of the benefits of the ERSs, 
political stakeholders could have much to gain supporting ERSs. However, it is a new technology that not 
all people know about. Also, there is the discussion about trains versus ERSs. However, most stakeholders 
see trains and trucks as complements to each other’s. (Ranch, Projekt Engagemang and Svenska Elvägar 
AB, 2013) Today’s politicians can be described as curious of ERSs. They are interested in learning more 
about the idea, but have not (yet) taken any strong stand in the question. (Nilsson, 2013)  
 
In case of the government taking the investment cost, they could decide to either take the whole cost for 
the investment or to charge the users of the infrastructure and make them pay for a share of or for the 
entire investment. An alternative, other than the government investing in the start-up costs for the ERSs, 
is that an external investment company makes the initial investment. They can thereafter charge the users 
and get payback. This is a low risk and low interest rate affair called PPP (private public partnership). This 
kind of arrangement (PPP contracts) are common in other European countries, in which an investment 
company for example builds a bridge, charge the users for it, and donates it to the government after 40 
years. According to Per Ranch, who has conducted research in the field of potential business models for 
ERSs, this is a possible investment model for a future ERS. (Ranch, Projekt Engagemang and Svenska 
Elvägar AB, 2013) 
 
2.3.5 The Society as a Whole and the Environment 
 
The environment and society as a whole would, in the long run, benefit from ERSs. This is because of the 
related reduction of the energy usage. This in turn decreases the energy costs and lowers the emissions of 
CO2. (Asplund a, 2013) However, it requires a large investment.  
 
If the ERS were to become implemented at a large scale, this would mean less tax incomes from diesel 
taxes, which would have to be replaced by something else. One alternative that the electricity taxes would 
be increased in order to compensate for the lost incomes from the diesel taxes. (Nordqvist, 2013)  
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2.4 Truck Fuel 
 
Diesel is the type of energy used in trucks is Sweden today. For this thesis, only MK1 diesel with a content 
of 5% FAME was assumed to be used in the trucks. This fuel has an energy content of 9,800 kWh per m3 
and a density of 0.815 kg/l. (Svenska Petroleum och Biodrivmedel Institutet a, 2013) The price 
development for diesel for 1996-2013 is shown in Figure 18.  
 

 
Figure 18: The price development of diesel from 1996 to 2013 (Svenska Petroleum och Biodrivmedel Institutet b, 2013) 
 
According to a report by The Swedish Energy Agency, the diesel price is likely to be on a level around 
12.2 SEK/l (VAT not included) in the year of 2020. (Andersson, et al., 2013) Many factors influence the 
diesel price, such as available oil resources, costs of producing the diesel, governmental polices (taxes etc.)  
and the demand on diesel. According to Magnus Henke at the Swedish Energy Agency, the changed 
pollution regulations for the Baltic Sea may affect the diesel price. Since less pollution is accepted in the 
Baltic Sea, many shipping companies may have to change fuel. Many of them will turn to a substitute that 
is a similar type of oil as diesel, which will increase the demand on that type of oil and have and thereby 
have an increasing effect on the diesel price. (Henke, 2013)  
 

2.5 The Electricity Market and Mixture 
 
Since the deregulation of the Swedish electricity market in 1996, the electricity market is divided into three 
different parts. These are electricity production, electricity distribution and electricity sales respectively. 
The produced electricity is sold, most often through the market place Nord Pool, to electricity sales 
companies who thereafter sell electricity to the end costumers. Sometimes large costumers buy electricity 
directly from an electricity production company. The electricity distribution companies provide power 
grids within a certain geographical area. They have monopoly within this area, and this part of the 
electricity market is therefore still regulated. (Granath, 2011) 
 
2.5.1 The Pricing of Electricity 
 
At Nord Pool, the price of electricity is set one day ahead through bidding. The electricity producers give 
bids on what price they are willing to sell for and the electricity sales companies provide bids on what they 
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are willing to buy for. The price is set on an hourly basis, and the price for each hour is where demand and 
supply meet. (Granath, 2011) 
 
When a price is set for an hour, all the electricity produced that hour will be priced at the highest accepted 
producing bid. This means that all the electricity units produced during that hour will be paid what it cost 
to produce power from the most expensive power source. This is called marginal pricing. Figure 19 shows 
the principle of marginal pricing. As can be seen from the figure, power sources with a low marginal costs 
(such as wind power and nuclear power) is used first, whilst oil condensing and gas turbines only are used 
when the power demand is very high. (Granath, 2011) 
 
 
 
 

 
Figure 19: The electricity price is set through marginal pricing, where the most expensive power source sets the price for each 
hour. (Granath, 2011)  
 

The price of electricity therefore varies over the day for the electricity sales company. Nord Pool also 
includes ahead market functions, in which actors can buy and sell electricity in advance. For the end 
costumer, the electricity sales companies usually charge an average price for kWh (divided over all their 
customers). In total, the electricity users have to pay the price for the delivered kWh:s, the power grid, tax, 
the electricity certificate and some extra costs for administration and earnings to the electricity sales 
companies. (Granath, 2011) Currently, the tax is 19.4 öre/kWh in the north of Sweden and 29.3 öre/kWh 
in the rest of Sweden. For private end costumers, an additional tax of 25% (VAT) is added. (Svensk 
Energi b, 2013)  
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2.5.2 The Electricity Mix 
 
An overview of the origin of Sweden’s energy supply is shown in Figure 20. As can be seen from the 
figure, Hydropower is the dominant electricity source, followed by Nuclear Power. Both these electricity 
sources are fossil free in their electricity production. Because of their large share (together with wind 
power, bio fuels etc.), Sweden’s electricity mix creates low greenhouse gas emissions.  
 

 
Figure 20: The figure shows the origin of Sweden’s energy supply, average between the years 2007-2013. (Statistics Sweden, 
2013)  
 
In this theses, no distinctions were made regarding how the actual electricity mix depends on where in the 
country the electricity is used. The electricity usage in the ERS is assumed to be made up of the electricity 
mix showed in Figure 20. This makes sense given that it is a Nordic electricity market, and that the 
national regional grid in Sweden enables power transmission over large distances. (Bergman, 2011) The 
actual electricity mix also varies over the day, depending on the relationships of demand and supply 
showed in Figure 19.  The power origin can also differ between different years depending on factors such 
as the water conditions, weather conditions and the available capacity. (Granath, 2011) However, in this 
thesis the average electricity mix (from 2007-2013) was used at all times.  
 
The electricity mix decides what the greenhouse gas emissions will be per produced kWh. There are 
multiple different kinds of greenhouse gas emissions, including carbon dioxide, methane and nitrous 
oxide. In this thesis, however, the focus is on the emissions of CO2. CO2 have the largest part of the 
emissions. (Holm & Rydstedt, 2010) Therefore, it was used in this thesis as a representative of all the 
greenhouse gases. The emissions from using one kWh of electricity in the Swedish energy mix (including 
imported Nordic energy mix) is 0.093 kg CO2. This only includes the emissions from the production unit, 
and does not include all emissions seen form a full well-to-wheel perspective. (Svenskt Näringsliv, 2013) 
This was chosen since the corresponding diesel values (the emissions from diesel used in the truck) also 
only takes the combustion emissions into consideration.  
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2.6 Implementation of Electric Road Systems 
 
If electric road systems were to be implemented, many questions regarding when, where and how need to 
be solved. As showed in the stakeholder analysis, many stakeholders would gain if ERSs were 
implemented. Since the area of ERSs is unexplored, this section is based on the interviews with 
stakeholders and experts within the area. 
 
2.6.1 Responsibility for the Electric Road Systems 
 
Many experts agree that it will have to be the Swedish Transport Administration that takes the overall 
responsibility for the ERS. This administrative authority owns the large roads in Sweden, and they are 
responsible for that the roads maintenance. Therefore, it would be natural that they take responsibility for 
the ERSs. (Berndtsson, 2013; Henke, 2013; Nilsson, 2013; Ranch, Projekt Engagemang and Svenska 
Elvägar AB, 2013) According to Magnus Henke, the Swedish Transport Agency is suitable to take 
responsibility for regulations and potential payment systems. (Henke, 2013)  
 
2.6.2 Initial Investment 
 
According to Magnus Henke, administrative authorities need to take a relatively large responsibility for the 
investment to happen. He describes the public transportation system in Stockholm, SL, as a possible 
inspiration source. Taxes pay for 50% of the public transportation system, and the users pay for the 
remaining 50%. He also points out the possibility of economic contributions from the EU. For a highway, 
a contribution of 25% of the investment costs might be possible, given how the regulations look today. 
(Henke, 2013)  Per Ranch, working with business models at Svenska Elvägar, points out PPP contracts as 
a possible solution for the ERS investment. This type of contracts is common in other countries in 
Europe. An external investor builds a bridge, road or some other infrastructure construction. The investor 
thereafter charges the users of the infrastructure construction for decades (sometimes up to 70 years), and 
then gives the infrastructure construction to the government. (Ranch, Projekt Engagemang and Svenska 
Elvägar AB, 2013) Carina Nilsson, who works at WSP and has conducted a stakeholder mapping within 
ERSs, brings up both the government and external investors as possible actors that could take the initial 
investment. (Nilsson, 2013) Anders Berntsson, who works with strategic development at the Swedish 
Transport Administration, says that it is more likely that the government would decide to pay for the 
initial investment than using a PPP-solution. (Berndtsson, 2013) 
 
The conclusions from this are that the initial investment can be done either by the government or through 
a PPP-solution, and that some additional economic funds from the EU might be possible. If the 
government takes the investment, they can choose either to pay for it with tax money (like for roads 
today) or charge the users (like electricity grids) or a combination (like SL).  
 
2.6.3 User Costs 
 
The users will have to pay for the electricity from the ERS. This can be done either by a standardized 
average electricity cost per user type or by actually metering the electricity usage. According to Anders 
Berndtsson, Sweden’s railway has three different ways to charge the electricity: depending on type of train, 
depending on travelled distance and depending on actual metered electricity usage. (Berndtsson, 2013) Per 
Ranch states that one alternative is to have electricity metering in the vehicles, but that an easier solution 
would be to charge the users depending on travelled distance. (Ranch, Projekt Engagemang and Svenska 
Elvägar AB, 2013) Henrik Boding, Post Nord, says that Post Nord probably would prefer to be charged 
by the exact electricity consumption, since this creates the best incentives to reduce energy usage. (Boding, 
2013)  
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In Sweden today, every company and private household can choose their own electricity trading company. 
(Svensk Energi a, 2013) If the electricity were to be metered exactly, it would create an opportunity for the 
users to choose their own electricity trading company. Henrik Boding states that Post Nord would like to 
be able to choose this. (Boding, 2013) Also Magnus Myrbäck, working at a haulage contractor company 
that drive goods for Bring, states that they would like to be able to choose, since they want to be able to 
influence their energy cost to the largest extent possible. (Myrbäck, 2013) According to Magnus Henke, it 
is likely to be regulated electricity trading in the beginning, with the Swedish Transport Administration 
procuring all the electricity and (through average estimations or exact metering) charging the users for it. 
In the long perspective however, around the year of 2025 or 2030, he thinks that the users will be able to 
choose their electricity trading company. (Henke, 2013)  
 
If the users also are to pay for the infrastructure investments, tariffs are needed for this as well. According 
to Per Ranch and Anders Berndtsson, this tariff for paying off the infrastructure costs is likely to depend 
on how much the user uses the system. (Berndtsson, 2013) (Ranch, Projekt Engagemang and Svenska 
Elvägar AB, 2013) Per Ranch points out that the easiest way would be to charge the user per km, for 
example by using cameras. (Ranch, Projekt Engagemang and Svenska Elvägar AB, 2013)  
 
2.6.4 Next Step 
 
The Swedish Transport Administration is already today looking at the next step for the ERS. They have 
started a pre-commercial innovation procurement process. This is a simplified procurement process from 
which the result will be an ERS pilot project in Sweden. They are, together with the Swedish Energy 
Agency and Vinnova, now looking at different proposed technology solutions. (Berndtsson, 2013) The 
purpose of this innovation procurement process is to test the technology, the regulations and the financial 
possibilities of an ERS. This will show needed changes for ERSs to be commercially feasible. (Henke, 
2013) The ERS will be at least 3 km and the construction of it will hopefully start next year. (Berndtsson, 
2013) In the innovation procurement process, the Swedish Transport Administration is looking at 
different ERS technologies: overhead lines, conductive from the ground and inductive from the ground. 
According to Anders Berndtsson it is likely that different technologies will be tested in closed systems, like 
different test-island. From this, the advantages and disadvantages of the different technologies can be 
explored. (Berndtsson, 2013) Carina Nilsson, who is working at WSP with a stakeholder mapping within 
ERSs, point out that different technologies may be suitable for different settings. (Nilsson, 2013)  
 
According to Magnus Henke, the pilot project is likely to be finished around 2014-2015, some smaller 
routes may see profitability around 2016, and it will take until 2020 until a route like Stockholm-
Gothenburg is electrified. Once some major roads are electrified, many haulage contractor companies will 
be afraid to be left behind with high transportation costs. This will speed up the development. (Henke, 
2013) Multiple experts believe that around 2020 is a time when electric roads is likely to be commercially 
implemented. (Berndtsson, 2013) (Nilsson, 2013) (Ranch, Projekt Engagemang and Svenska Elvägar AB, 
2013) 
 
2.6.5 Sweden and the EU 
 
The roads in Sweden and in the EU are integrated and the politics in the EU influence Sweden. Some 
experts want to wait for an EU-standard while others express that it is good for Sweden to be a 
forerunner within ERSs and lead the way. It is likely that some pilot tests will be carried out in Sweden 
regardless of the EU, but that an EU-standard will have to be in place before a large-scale implementation 
of ERSs. (Berndtsson, 2013)  
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3 Cases 
 
Three cases are examined in the model, which all are considered alternatives for an ERS. These cases 
represent various characteristics due to varying properties of the vehicle, of the road and of the traffic on 
the road.  
 
The three cases that the study includes are: 
 

• ICA-loop (Distribution Case) 
• Stockholm – Gothenburg (Long-Haulage Case)   
• Pajala (Mining Case) 

 
3.1 ICA-loop: Distribution Case 
 
The ICA-loop is a former route that ICA used to deliver its goods to its stores. Trucks with a weight of 20 
tons were driving from store to store delivering goods. Scania has recorded topography and driving 
information about the route. Today, ICA-stores are not located in the same places as they were at the time 
when the recording was carried out. The ICA-loop can however still be used as a representative of a 
typical distribution route. (Scania, 2013) Many starts and stop is typical for this case, together with the 
parameters shown in Table 5. 
 
Table 5:  The table shows the characteristics of the distribution case, of which some were presented as typical distribution 
vehicle characteristics in Chapter 2.3.1. The intensity in trucks on road has been calculated from the Swedish Transport 
Administrations measurement data. (Heierson a, 2013; Swedish Transport Administration, 2013) (Swedish Transport 
Administration, 2013; Scania, 2013)  
Distribution Case 
Truck Weight 20 ton 
Km per Truck and Year 45 000 km 
Depreciation Time 10 years 
Intensity in trucks on Road 410 trucks/day 
Distance  116 km 
 
The road’s topology and the vehicle’s speed profile in the case are shown in Figure 21 and in Figure 22. 
The measurement points in the figures are attained from actual tracked data from a drive. Further specific 
properties for the Distribution Case are presented in the model, Chapter 4.  
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Figure 21: The altitude of the road is shown in the graph above. The road’s altitude varies between 4.72 and 143 m above 
sea level. (Scania, 2013) 
 

 
Figure 22: The vehicle’s speed is shown in the graph above. The vehicle’s speed is at most 91.5 km/h and the vehicle has 
several stops during the drive when the speed is 0 km/h. (Scania, 2013) 
 

3.2 Stockholm-Gothenburg: Long-Haulage Case 
 
Stockholm-Gothenburg (E4 and Road 40) is a common route for heavy-truck traffic. If ERSs were to be a 
realistic full-scale alternative, the road between Stockholm-Gothenburg would be one of the major roads 
to electrify. The road is trafficked by a great range of vehicles. The typical weight of the trucks is around 
40 tons, wherefore this number will be used in the case. (Scania, 2013) Stockholm-Gothenburg is chosen 
to be the representative of an open-system with a high intensity of trucks using it. The typical parameters 
for the case are shown in Table 6.  

 
 
 
 

0 
20 
40 
60 
80 

100 
120 
140 
160 

0 3000 6000 9000 12000 15000 18000 

Above sea level 
[m] 

Time [s] 

Altitude of the Road 

0 

20 

40 

60 

80 

100 

0 3000 6000 9000 12000 15000 18000 

Speed [km/h] 

Time [s] 

The Speed of the Vehicle 



 
 

57 

Table 6: The table shows the characteristics of the long-haulage case, of which some were presented as typical long-haulage 
vehicle characteristics in Chapter 2.3.1. The intensity in trucks on road has been calculated from the Swedish Transport 
Administrations measurement data. (Heierson a, 2013; Swedish Transport Administration, 2013; Scania, 2013) 
(Swedish Transport Administration, 2013)  
Long-Haulage Case 
Truck Weight 40 ton 
Km per Truck and Year 168 000 km 
Depreciation Time 6 years 
Intensity in trucks on Road 1430 trucks/day 
Distance  447 km 
 
The measurement points for the altitude and the vehicle speed were created from an artificial drive in a 
computer program, with a target speed for the vehicle of 80 km/h. Since the speed limit between 
Stockholm and Gothenburg is 80 km/h or more for almost the whole road, this was seen as an okay 
approximation. The exceptions are 6.7 km with a speed limit of 70 km/h (spread out over 8 segments), 
one 450 m path with a speed limit of 60 km/h and one path of 350 m with a speed limit of 50 km/h. 
(Swedish Transport Administration, 2013) However, depending on the topology, shown in Figure 23, the 
speed varies a bit. The speed curve is shown in Figure 24. Further specific properties for the Long-
Haulage Case are presented in the model, Chapter 4.  
 

 
Figure 23: The altitude of the road is shown in the graph above. The road’s altitude varies between -9.81 m and 332 m 
above sea level. (Scania, 2013) 
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Figure 24: The vehicle’s speed is shown in the graph above. The vehicle’s speed is at most 91.5 km/h and the vehicle has 
several stops during the drive when the speed is 0 km/h. (Scania, 2013) 
 

3.3 Pajala: Mining Case 
 
There is an iron ore in Svappavaara in Kiruna. In the case of a potential mining of iron ore in 
Svappavaara, the ore has to be transported to Kaunisvaara and then on to the Iron Ore Line.3 An ERS is 
considered an alternative instead of transportation with conventional trucks. The distance is 150 km and 
in the case of road transport, trucks at a total weight of 90 ton would traffic the distance. The trucks 
would traffic the distance 24 hours a day with intervals of seven minutes between each other. (Scania, 
2012) Pajala is chosen as a representative of a mining case, which is associated with very heavy trucks 
driving in a closed system. The mining case’s typical characteristics are shown in Table 7.  
 
Table 7: The table shows the characteristics of the mining case. (Scania, 2012; Swedish Transport Administration, 2013; 
Scania, 2013) 
Mining Case 
Truck Weight 90 ton 
Km per Truck and Year 250 000 km 
Depreciation Time 2 years 
Intensity in trucks on Road 210 trucks/day 
Distance 151 km 
 
The measurement points were attained from actual tracked data from a drive. The road’s topology and the 
vehicle’s speed profile are shown in Figure 25 and Figure 26. Further specific properties for the Mining 
Case are presented in the model, Chapter 4.  
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Figure 25: The altitude of the road is shown in the graph above. The road’s altitude varies between 160 m and 355 m above 
sea level. (Scania, 2013) 
 

 
Figure 26: The vehicle’s speed is shown in the graph above. The vehicle’s speed is at most 87.4 km/h and the vehicle has 
several stops during the drive when the speed is 0 km/h. (Scania, 2013) 
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4 Model 
 
This section presents the model. The model is first presented on a conceptual level, which describes the 
overall purpose of the model and lists the main inputs that the model uses and the main results that the 
model generates. In the following section, the model is described in qualitative and quantitative terms, 
which aims to present a deeper explanation of the function of the model.  
 

4.1 Conceptual Model 
 
The overall aim of the model is to investigate the potential for trucks using an ERS in comparison with 
the hybrid trucks and the conventional trucks. The model is constructed in order to investigate the ERSs’ 
potential from the perspective of the haulage contractor companies in terms of saved energy per km and 
saved costs per km. The costs do not only include costs of the fuel, but also costs of the infrastructure 
needed for the ERS’s and the extra cost to purchase a hybrid vehicle instead of a conventional vehicle. In 
addition to those measures, the model also investigates the decrease in CO2 emissions associated with the 
changed use of fuels. Even though the model is constructed from the perspective of the haulage 
contractor companies, the model also enlightens benefits from a societal perspective. Reduced energy 
usage, reduced costs and reduced emissions of CO2 per driven km would benefit the society as a whole.  
An overview of the model on a conceptual level is shown in Figure 27.  
 
 

 
Figure 27: The figure shows an overview of the conceptual model.  
 
As shown in Figure 27, the model needs inputs in order to perform the calculations for the conventional 
vehicle, the hybrid vehicle and the ERS vehicle. To begin with, the model uses input data from case 
specific simulations of the conventional vehicle. A further description of what kind of data these 
simulations contain is presented in Chapter 4.2.1. In order to model an ERS vehicle, infrastructure 
properties such as the systems efficiency has to be considered in the model. The infrastructure properties 
also include the slope of the road and the vehicle intensity on the roads. The vehicle cost and the 
infrastructure cost is used in the economical section of the model in order to compare the cost per km for 
a haulage contractor company if it uses a conventional vehicle, a hybrid vehicle or an ERS vehicle. Finally, 
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the properties and cost of the fuel and the electricity are used as inputs to the model in order to calculate 
the cost of the used energy and the corresponding emissions of CO2.  
 
The model is generalizable and can be used in order to investigate the potential of ERSs in different 
settings. In this study, the potential for ERSs have been investigated in three different cases. The cases, 
described in Chapter 3, give a spread in vehicle properties and road properties. 
 
ERSs for trucks are not used on a commercial scale in Sweden today and the hybrid trucks are used, but 
not on a large scale. Therefore, in order to make a comparison of the ERS truck with the conventional 
truck and the hybrid truck, the model takes place in the future where hybrid trucks and ERS trucks might 
be used on a large commercial scale. The modelling is done for the year of 2020.  
 
The limitations of the model is that the model does not take the following parameters into account: 
 

• Different climates and weathers 
• Different roll and air resistances 
• Different driving kinds  
• Maintenance costs for the ERS 
• Maintenance costs for the vehicle 
• Queues on the roads 

 
4.2 Qualitative and Quantitative Model 
 
This section describes the model in qualitative and quantitative terms in order to further explain the 
model. The qualitative and quantitative model is divided into two sections; the first section presents the 
technology model where the energy usage and the emissions of CO2 are calculated per km for the 
conventional vehicle, the hybrid vehicle and the ERS vehicle. The economic model thereafter follows the 
technology model where the cost per km is calculated for the conventional vehicle, the hybrid vehicle and 
the ERS vehicle.  
 
4.2.1  Technology Model 
 
The focus of the technology model is to calculate the energy usage [kWh/km] and the related CO2 
emissions [kg/km]. The technology model is divided into three main sections, where the first and second 
sections calculate the needed energy and related CO2 emissions for the conventional vehicle and the 
hybrid vehicle respectively. The only energy that these vehicles are supplied with is diesel (MK1) with a 
content of 5% FAME. In the third section of the technology model, the energy usage and the related CO2 
emissions are calculated for an ERS vehicle. For the vehicle driving in the ERS, the energy supply is 
divided into two parts. The vehicle in the ERS uses both the same diesel as the conventional and hybrid 
vehicles use as well as electricity from the ERS.  
 
The Conventional Vehicle, Technology Model 
The technology model is built in MATLAB and uses a driving simulation of the conventional vehicle as 
part of the input data. This simulation is made in a separate simulation program provided by Scania, where 
the following parameters are case specific and varied depending on the current case:  
 

• Vehicle mass [kg] 
• Type of engine  
• Wheel radius [m] 
• Front area [m2] 
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• Gearbox 
• Cab 
• Speed in a vector over the entire distance [km/h] 
• Topography in a vector over the entire distance [m above sea level]  

 
The simulation program then simulates the propulsion of the conventional vehicle and generates outputs 
in vectors that stretch over the entire simulation with intervals of 0.5 seconds. All vectors are indicated in 
bold types. All vectors in one case are of the same length and with intervals for every 0.5 seconds. The 
vectors from the simulation that are used in the model are listed below: 
 

• The torque of the ICE, 𝑻𝑸𝒊𝒄𝒆 [Nm] 
• The torque out of the ICE after subtraction of the torque required for the aggregates, 

𝑻𝑸𝒂𝒇𝒕𝒆𝒓𝒂𝒈𝒈 [Nm] 
• The engine speed, 𝒏 [rad/s] 
• The forward force at the wheels, 𝑭𝒘𝒉𝒆𝒆𝒍 [N] 
• The vehicle speed,  𝒗 [m/s] 
• The time,  𝒕 [s] 
• The travelled distance, 𝑫 [km] 
• The altitude, 𝑨 [m] 

 
Through these vectors, a vector for the propulsion power required out from the ICE in the conventional 
vehicle, 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗 [W], is calculated through Equation 1. 
  
𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗 = 𝑻𝑸𝒊𝒄𝒆 ∙ 𝒏           (1) 
 
The corresponding total amount of energy that is delivered to the powertrain from the ICE for the 
conventional vehicle, 𝐸!"#_!"#$ [kWh], is calculated through Equation 2, where N is total length of the 
vector 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗_𝒑𝒐𝒔 [W] and 𝑇 [s/h] is the amount of seconds during one hour. The vector 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗_𝒑𝒐𝒔 
is a vector only containing the positive numbers in the vector 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗. 
  
𝐸!"#_!"#$ = 𝑃!"#_!"#$_!"#!

!
!!! ∙ (𝑡!!! − 𝑡!)/𝑇                    (2) 

 
If the ICE is to supply the vehicle with the energy calculated in Equation 2, the ICE has to be supplied 
with fuel. In order to calculate the needed fuel mass the engine’s fuel to energy conversion is needed, 
𝐼𝐶𝐸!"#$_!"_!"!#$% [kg/kWh]. The fuel mass that is needed in order to make the ICE deliver the energy 
calculated in Equation 2 has to be calculated. Since the ICE has the possibility to change gear in order to 
reach the most efficient energy use per delivered kWh to the powertrain, the ICE’s use of fuel is set to a 
constant of 0.2 kg MK1 diesel per delivered kWh to the powertrain. The needed fuel input to the 
conventional vehicle, 𝑚!"#$_!"#$ [kg], is then calculated through Equation 3. 
 
𝑚!"#$_!"#$ = 𝐸!"#_!"#$ ∙ 𝐼𝐶𝐸!"#$_!"_!"!#$%     (3) 
 
From Equation 3, the needed diesel volume, 𝑉!"#$_!"#$ [ l ], can be calculated through the density of 
MK1, 𝜌 [kg/l], which is 0.815 kg/l. The diesel volume is calculated in Equation 4.  
 
𝑉!"#$_!"#$ = 𝑚!"#$_!"#$ ∙   𝜌       (4) 
 
Lastly, the needed energy supply, 𝐸!"#_!"#$ [kWh], to the conventional vehicle is calculated through 
Equation 5, where 𝐸𝑛𝑒𝑟𝑔𝑦_𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [kWh/l], is the energy content in the diesel. 
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𝐸!"#_!"#$ = 𝑉!!"#_!"#$ ∙ 𝐸𝑛𝑒𝑟𝑔𝑦_𝑐𝑜𝑛𝑡𝑒𝑛𝑡      (5) 
 
The emissions of CO2, 𝑚!!!_!"#$ [kg], is then determined by Equation 6, where the variable 
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠!"#$ is the amount of CO2 emissions per litre diesel [kg/l].  
 
𝑚!!!_!"#$ = 𝑉!"#$_!"#$ ∙ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠!"#$     (6) 
 
The energy usage, 𝐸!"#_!"#$_!" [kWh/km], and the emissions of CO2 per km, 𝑚!!!_!"#$_!" [kg/km], 
are calculated according to Equation 7 and Equation 8 respectively, where 𝐷!"! [km] is the total travelled 
distance.   

𝐸!"#_!"#$_!" = !!"#_!"#$
!!"!

      (7) 

𝑚!!!_!"#$_!" =
!!!!_!"#$

!!"!
       (8) 

 
An illustration of the conventional vehicle is given in Figure 28.  

 
Figure 28: The power from the ICE is used to power the aggregates, to power the wheels and to overcome power losses in the 
powertrain.   
 

The Hybrid Vehicle, Technology Model 
The hybrid vehicle is powered from both the ICE, 𝑷𝒊𝒄𝒆_𝒉𝒚𝒃 [W], and from the EM, 𝑷𝒆𝒎_𝒉𝒚𝒃 [W]. 
However, these are unknown and need to be calculated. The sum of these two power vectors is a vector 
containing the total power input needed in the hybrid every 0.5 second and is called 𝑷𝒉𝒚𝒃 [W].  The 
vector 𝑷𝒉𝒚𝒃 is calculated according to Equation 9 and contains positive values when the vehicle is in need 
for power and negative values when the vehicle generates excess power during braking.  
 
𝑷𝒉𝒚𝒃 = 𝑷𝒊𝒄𝒆_𝒉𝒚𝒃 + 𝑷𝒆𝒎_𝒉𝒚𝒃      (9) 
 
In the conventional vehicle, the needed power input, 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗 [W], is the sum of the power that is 
needed at the wheels for propulsion, 𝑷𝒘𝒉𝒆𝒆𝒍 [W], the power needed to overcome the losses in the 
powertrain, 𝑷𝒑𝒕𝒍𝒐𝒔𝒔 [W], and the power that is needed to power the vehicle’s aggregates, 𝑷𝒂𝒈𝒈_𝒄𝒐𝒏𝒗 [W], 
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according to Equation 10. The vector 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗 also contains positive values when the vehicle is in need 
for power from the ICE and negative values when not in need for a power input from the ICE. 
 
𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗 = 𝑷𝒘𝒉𝒆𝒆𝒍 + 𝑷𝒑𝒕𝒍𝒐𝒔𝒔 + 𝑷𝒂𝒈𝒈_𝒄𝒐𝒏𝒗      (10) 
   
In accordance with Equation 8, the needed power input to the hybrid vehicle is also the sum of the power 
at the wheels, the power to overcome losses in the powertrain and the required power to the vehicle’s 
aggregates. The hybrid vehicle is given the same velocity as the conventional vehicle as well as the same 
mass and outer configuration as the conventional vehicle, which gives the same need for propulsion 
power at the wheels in the hybrid vehicle as in the conventional vehicle. The power to overcome the 
losses in the powertrain is also set to be the same in the hybrid vehicle as in the conventional vehicle. The 
losses in the powertrain are losses from the wheels up to and including the gearbox. However, the needed 
power inputs from the ICE and the EM in the hybrid vehicle, 𝑷𝒉𝒚𝒃, differ from the needed power input 
from the ICE in the conventional vehicle, 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗. This is due to different efficiencies for the aggregates 
in the hybrid and in the conventional vehicle, where the efficiency of the aggregates in the hybrid vehicle, 
η!""_!"#, is 0.85 and the efficiency of the aggregates in the conventional vehicle, η!""_!"#$, is 0.6. The 
power of the aggregates in the conventional vehicle is calculated according to Equation 11 and the power 
of the aggregates in the hybrid vehicle is calculated according to Equation 12. The aggregates include the 
air compressor, the air conditioning compressor, the generator and the fan.  
 
𝑷𝒂𝒈𝒈_𝒄𝒐𝒏𝒗 = (𝑻𝑸𝒊𝒄𝒆 − 𝑻𝑸𝒂𝒇𝒕𝒆𝒓_𝒂𝒈𝒈) ∙ 𝒏     (11) 
 

𝑷𝒂𝒈𝒈_𝒉𝒚𝒃 = 𝑷𝒂𝒈𝒈_𝒄𝒐𝒏𝒗 ∙
!!""_!"#$
!!""_!"#

     (12) 

 
The propulsion power at the wheels can be calculated based on the forward force on the chassie at the 
wheels, 𝑭𝒘𝒉𝒆𝒆𝒍, and the vehicle’s velocity, 𝒗, according to Equation 13. 
 
𝑷𝒘𝒉𝒆𝒆𝒍 = 𝑭𝒘𝒉𝒆𝒆𝒍 ∙ 𝒗       (13) 
 
When the power input from the ICE, the power at the wheels and the power for the aggregates are known 
for the conventional vehicle, the power to overcome the losses in the powertrain can be calculated as 
shown in Equation 14.  
 
𝑷𝒑𝒕_𝒍𝒐𝒔𝒔 = 𝑷𝒊𝒄𝒆_𝒄𝒐𝒏𝒗 − 𝑷𝒘𝒉𝒆𝒆𝒍 − 𝑷𝒂𝒈𝒈_𝒄𝒐𝒏𝒗     (14) 
 
The sum of the power input from the EM and from the ICE to the hybrid vehicle can now be calculated 
through Equation 15. 
 
𝑷𝒊𝒄𝒆_𝒉𝒚𝒃 + 𝑷𝒆𝒎_𝒉𝒚𝒃 = 𝑷𝒘𝒉𝒆𝒆𝒍 + 𝑷𝒑𝒕_𝒍𝒐𝒔𝒔 + 𝑷𝒂𝒈𝒈_𝒉𝒚𝒃    (15) 
 
However, even though the sum of the needed power input to the hybrid vehicle is known, the share of the 
power from the ICE has to be calculated. If the power from the ICE 𝑷𝒊𝒄𝒆_𝒉𝒚𝒃, is not known, the energy 
input of MK1 diesel to the hybrid, 𝐸!"#_!!" [kWh], cannot be calculated. By calculating the power input 
from the EM, 𝑷𝒆𝒎_𝒉𝒚𝒃, the share of the power input from the EM will be known and hence, the share of 
the power input from the ICE to the hybrid will also be known.  
 
The propulsion power from the EM at positive values of 𝑷𝒉𝒚𝒃 is expressed as 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔 [W] and 
comes from the battery. The battery has an energy level in the cycle window expressed as 𝑬𝒃𝒂𝒕 [Ws]. If 
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the EM is to power the vehicle depends on several parameters. The EM supplies the vehicle with power, 
𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔 > 0, if the battery has energy in its cycle window, 𝑬𝒃𝒂𝒕 > 0 [kWh] if it is strategically 
suitable to use the energy in the battery, 𝒔 > 0 and as previously mentioned if the vehicle is in need of 
power, 𝑷𝒉𝒚𝒃 > 0. If these requirements are not met, the corresponding places in the vector, 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔, 
will be assigned zeros since no power will be delivered from the EM.  
 
If it is strategically suitable to use the energy in the battery is decided by the stressfactor, 𝒔, which is a 
vector containing numbers on a scale from 0 to 1 that has to be calculated. If the stressfactor is 1, it is 
most suitable to take energy from the battery and if the stressfacor is 0 no energy will be taken from the 
battery. The stressfactor is determined at each place in the vector depending on the vehicle’s speed, 𝒗, and 
the battery’s SOC, 𝑺𝑶𝑪 [%]. The stressfactor gets a high value if the speed is high and if the battery has a 
high SOC since the vehicle is in need of power and since energy should be taken from the battery in order 
to make room for more energy. When the vehicle speeds down and the brakes are applied, room should 
have been made on the battery in order to recover as much as possible of the braking energy.  
 
In order to calculate the stressfactor, the SOC of the battery has to be known. The 𝑺𝑶𝑪 is a vector that 
varies depending on the energy level of the battiery’s maximum energy level in the cycle window and is 
calculated as shown in Equation 16. 𝐸!"#_!"# [kWh] is the battery’s maximum energy level in the cycle 
window and is set to 10 kWh. In order to calculate the first value of the SOC, a start value of the energy 
content of the battery has to be set, which is set to 5 kWh in this model.  
 

𝑺𝑶𝑪 = 𝑬𝒃𝒂𝒕
!!"#_!"#

∙ 100      (16) 

 
Through the SOC, the stressfactor can be calculated. The stressfactor is needed in order to calculate the 
power from the EM according to Equation 17. 𝑷𝒅𝒓𝒊𝒗𝒆_𝒉𝒚𝒃  [W] is a vector that needs to be calculated and 
is assigned values that could be either half of the power limit of the EM, 0.5 ∙ 𝑃!"_!"#"$_!"# [W], or half of 
the power from the ICE and the EM together, 0.5 ∙ 𝑷𝒉𝒚𝒃. The power limit of the EM, 𝑃!"_!"#"$_!"#, is 
set to 130 kW. 𝑷𝒅𝒓𝒊𝒗𝒆_𝒉𝒚𝒃 is then calculated through Equation 18. The EM’s power limit of 130 kW 
would not be correct if the EM were to function at that level continuously since that would lead to too 
high temperatures in the EM. However, since the EM is not in use at those power limits continuously in a 
hybrid drive technology, the assumption has been made that the power limit of the EM is the highest 
power limit of the EM, which is 130 kW.  
 
𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔 = 𝑷𝒅𝒓𝒊𝒗𝒆_𝒉𝒚𝒃 ∙ 𝒔     (17) 
 

𝑷𝒅𝒓𝒊𝒗𝒆_𝒉𝒚𝒃       =       
𝑷𝒉𝒚𝒃 < 𝑃!"_!"#"$_!"# ∶ 𝑷𝒉𝒚𝒃 ∙ 0.5

        𝑷𝒉𝒚𝒃 ≥ 𝑃!"_!"#"$_!"# ∶   𝑃!"_!"#"$_!"# ∙ 0.5
   (18) 

   
In Equation 18, the power from the EM is only limited by the power limit of the EM and not of the 
battery. The battery that is being used is a future battery with a cycle window of 10 kWh, and such a 
battery will have a power limit of approximately 200 kW both when charging and discharging. A power 
limit of 200 kW is higher than a power limit of the EM of 130 kW, hence, the power limit of the EM will 
be the limiting component when calculating how much power that will be delivered from the EM to the 
powertrain. The strategy for calculating the power from the EM through 𝑷𝒅𝒓𝒊𝒗𝒆_𝒉𝒚𝒃 and 𝒔 was provided 
by Scania.  
 
The first value of the energy level of the battery was decided, but the entire vector for the energy level at 
the battery, 𝑬𝒃𝒂𝒕, needs to be calculated in order to generate values to Equation 16. The energy level at 
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the battery depends on the charge and discharge of the battery. The discharge of the battery is related to 
the contribution of propulsion power from the EM. If the EM contributes with propulsion power to the 
vehicle, the battery is discharging in order to supply the EM with power.  
 
To begin with, the discharging of the battery depends on how much power the inverter and the EM need 
to be supplied with in order to make the EM deliver the needed amount of propulsion power, 
𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔. The needed power output from the battery is therefore related to the power output from the 
EM and the losses in the EM, 𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃 [W], and in the inverter 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃 [W] as shown in 
Equation 19. 
 
𝑷𝒃𝒂𝒕_𝒅𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 = 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔 + 𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃 + 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃   (19)
   
The losses in the EM and in the inverter depend on the rotation speed from the EM which is the same as 
for the ICE, 𝒏, and on the torque from the EM, 𝑻𝑸𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔 [Nm]. Since the propulsion power from 
the EM in known, as well as the rotation speed, the EM’s torque can be calculated through Equation 20.  
 

𝑻𝑸𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔 =
𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔

𝒏
       (20) 

 
With the torque and the rotation speed known, the losses in the EM and in the inverter can be calculated 
at the places in the vectors where the EM supplies the vehicle’s powertrain with power. Scania provided 
matrixes for the losses in the EM and the inverter. The matrix that Scania provided for the EM contains 
torque values between -1040 Nm and 1000 Nm and rotation speeds from 0 rpm to 6000 rpm. All torques, 
𝑻𝑸𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔, and rotation speeds, 𝒏, are within these limits. The inverter’s loss matrix did however only 
contain losses for torques between -1000 and 1000 Nm and rotation speeds between 200 and 4000 rpm. 
In order to create a loss matrix for the inverter within the same torque and rotation speed limits as the 
EM’s loss matrix, the additional values needed for the inverter’s loss matrix are extrapolated based on the 
values between 200 to 4000 rpm and -1000 to 1000 Nm. Based on the values in the matrixes for the losses 
in the EM and in the inverter, the values for the losses in the vectors, 𝑷𝒆𝒎_𝒍𝒐𝒔𝒔  _𝒉𝒚𝒃 and 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃, can 
be calculated through interpolation with the values in the vectors, 𝑻𝑸𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔 and 𝒏. When the power 
losses from the EM and the inverter are known, the discharge power from the battery can be calculated 
through Equation 19.  
 
The battery’s energy content when discharging at the place 𝑛 in the vector, 𝐸!"!! [kWh], depends on the 
energy content at the previous place in the vector, 𝐸!"!!!! [kWh], and on the power that the battery is 
discharged with. The energy that the battery is discharged with does also depend on the battery’s 
efficiency, 𝜂!"# , which is 0.95. The energy content at the battery at the place 𝑛 in the vector is calculated 
through Equation 21.  
 

𝐸!"!! = 𝐸!"!!!! −
!!"#_!"#$!!"#!! ∙(!!!!!!!)

!!"#
     (21) 

 
However, if the vehicle applies the brakes, 𝑷𝒉𝒚𝒃 < 0, and if there is room for more energy at the battery, 
𝑬𝒃𝒂𝒕 < 𝐸!"#_!"# , then the battery is charging. When the battery is charging the EM works as a generator 
that transform the mechanical braking power that reaches the EM, 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒏𝒆𝒈 [W], to electric power 
that charges the battery, 𝑷𝒃𝒂𝒕_𝒄𝒉𝒂𝒓𝒈𝒆 [W]. However, not all of the power that is taken care of by the EM 
reaches the battery due to losses both in the EM and in the inverter. 
 
The braking power that reaches the EM depends on the braking power that is created at the wheels when 
the power at the wheels is negative,  𝑷𝒘𝒉𝒆𝒆𝒍 < 0, and on the efficiency of the powertrain from the wheels 
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to the EM, 𝜂!" , which is 0.95. It is assumed that the ICE does not contribute with any engine brake and 
that the EM takes care of the engine brake that the ICE would have contributed within the conventional 
vehicle. The amount of the braking power that the EM takes care of and uses to generate electric power 
then depends on the power limit of the EM. When braking, the power limit of the EM, 𝑃!"_!"#"$_!"# [W], 
is a negative limit set to -130 kWh since the power at the wheels is set to a negative power when braking. 
As previously mentioned a requirement is also that the energy level on the battery is not full. The braking 
power that is taken care of by the EM, 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒏𝒆𝒈 [W], is calculated through Equation 22. 
 

𝑷𝒆𝒎_𝒉𝒚𝒃_𝒏𝒆𝒈   =   
            𝑷𝒘𝒉𝒆𝒆𝒍 ∙ 𝜂!" > 𝑃!"_!"#"$_!"# ∶   𝑷𝒘𝒉𝒆𝒆𝒍 ∙ 𝜂!"
                  𝑷𝒘𝒉𝒆𝒆𝒍 ∙ 𝜂!" ≤ 𝑃!"_!"#"$_!"# ∶   𝑃!"_!"#"$_!"#

   (22) 

 
Out of the braking power that is taken care of by the EM, the power that reaches the battery, 𝑷𝒃𝒂𝒕_𝒄𝒉𝒂𝒓𝒈𝒆 
[W], is expressed in the model as a positive power and is calculated according to Equation 23. The losses 
in the EM and in the inverter depends on the rotation speed, 𝒏, and on the torque of the EM, 
𝑻𝑸𝒆𝒎_𝒉𝒚𝒃_𝒏𝒆𝒈 [Nm]. The EM’s negative torque when the vehicle is braking is calculated as shown in 
Equation 24. The negative torque and the rotation speed are then used in order to calculate the values in 
the loss vectors for the EM and the inverter at the places where the vehicle is braking and supplies the 
battery with power. These calculations are done through interpolation in the loss matrixes for the EM and 
for the inverter.    
 
𝑷𝒃𝒂𝒕_𝒄𝒉𝒂𝒓𝒈𝒆 = 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒏𝒆𝒈 ∙ −1 − 𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃 − 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃    (23) 
    

𝑻𝑸𝒆𝒎_𝒉𝒚𝒃_𝒏𝒆𝒈 =
𝑷𝒆𝒎_𝒉𝒚𝒃_𝒏𝒆𝒈

𝒏
      (24) 

 
When the battery’s charging power is known, the energy content when charging at the place 𝑛 in the 
vector, 𝐸!"!! , can be calculated through Equation 25. The battery’s efficiency when charging, 𝜂!"# , is the 
same as when the battery is discharging.  
 
𝐸!"!! = 𝐸!"!!!! + 𝑃!"#_!!!"#!! ∙ (𝑡! − 𝑡!!!) ∙   𝜂!"#     (25) 
 
The energy level of the battery’s cycle window is now known, which depends on the charging and the 
discharging of the battery. With the energy level known, the SOC can be calculated, which is used to 
calculate the stressfacor and through the stressfactor, the propulsion power from the EM, 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔, 
can be calculated. 
 
When the sum of the power from the EM and the ICE is positive, 𝑷𝒉𝒚𝒃 > 0, the vehicle is in need of 
power. The power that comes from the ICE, 𝑷𝒊𝒄𝒆_𝒉𝒚𝒃_𝒑𝒐𝒔 [W], when 𝑷𝒉𝒚𝒃 > 0 can now be calculated 
through Equation 26.  
 
𝑷𝒊𝒄𝒆_𝒉𝒚𝒃_𝒑𝒐𝒔 = 𝑷𝒉𝒚𝒃 − 𝑷𝒆𝒎_𝒉𝒚𝒃_𝒑𝒐𝒔     (26) 
 
In the end of the drive, the SOC might have changed compared to the SOC at the beginning of the drive. 
The energy usage that has been needed in order to reach the changed energy content on the battery needs 
to be compensated for and added to the total energy usage of the vehicle during the drive. If the energy 
content on the battery has decreased, the added amount to the total energy usage is positive, 
𝐸!"#_!"##_!"#$% > 0 [kWh], and if the energy content in the end of the drive is higher than the content at 
the beginning, the added amount of energy will be negative, 𝐸!"#_!"##_!"#$% < 0. The energy supply that 
is needed to the vehicle in order to compensate for the changed energy content is calculated according to 



 
 

69 

Equation 27. 𝐸!"#_!"#$" [kWh] is the energy content at the battery in the beginning of the drive and 
𝐸!"#_!"# [kWh] is the energy content in the end of the drive. 𝜂!"# is the efficiency of the inverter and 𝜂!" 
is the efficiency of the EM at 0.95 and 0.9 respectively. 
 

𝐸!"#_!"##_!!" =
(!!"#_!"#$"!!!"#_!"#)∙!"!!"#$_!"_!"!#$%∙!"#$%&_!"#$%#$    

!!"#∙!!"#∙!!"∙!
   (27) 

 
When the hybrid vehicle’s need of power from the ICE, 𝑷𝒊𝒄𝒆_𝒉𝒚𝒃_𝒑𝒐𝒔, and the needed energy to 
compensate for the changed energy level on the battery are known, the total needed energy, 𝐸!"#_!!" 
[kWh], the needed energy per km, 𝐸!"#_!!"_!" [kWh/km], the corresponding total fuel input, 𝑉!"#$_!!" [ 
l ], the total CO2 emissions, 𝑚!!!_!!" [kg], and the CO2 emissions per km, 𝑚!!!_!!"_!" [kg/km], can be 
calculated in the same way as for the conventional vehicle according to Equation 2-8 by replacing 𝑷𝒊𝒄𝒆_𝒑𝒐𝒔  
with 𝑷𝒊𝒄𝒆_𝒉𝒚𝒃_𝒑𝒐𝒔 and by adding 𝐸!"#_!"##_!!" to the energy usage.  An illustration of the hybrid vehicle is 
given in Figure 29. 
 

 
Figure 29: The powertrain in the hybrid vehicle is supplied with power both from the ICE and from the EM and braking 
power is used to charge the battery.  
 
The Electric Road System Vehicle, Technology Model 
The hybrid vehicle driving in an ERS has the possibility to get supplied with energy both from diesel and 
from electricity through the ERS. In order to calculate the energy usage for an ERS vehicle, both the 
diesel usage and the electricity usage from the ERS has to be calculated. The related emissions of CO2 are 
then calculated based on the use of diesel and of electricity. The ERS vehicle is assumed to have the same 
need of power output to the powertrain, 𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 [W] as the hybrid vehicle, according to Equation 28.  
 
𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 = 𝑷𝒉𝒚𝒃       (28) 
 
𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 is the sum of the needed power from the ICE, 𝑷𝒊𝒄𝒆_𝒆𝒓𝒔 [W], and from the EM, 𝑷𝒆𝒎_𝒆𝒓𝒔 [W], as 
shown in Equation 29.  
 
𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 = 𝑷𝒊𝒄𝒆_𝒆𝒓𝒔 + 𝑷𝒆𝒎_𝒆𝒓𝒔     (29) 
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It is not certain that an ERS will be built on the cases’ entire distances. It could be that segments of the 
distance are electrified and other segments remain as ordinary roads. Since the vehicles have a maximum 
power requirement when going uphill and a maximum possibility for power recovery when going 
downhill, the decision of which segments that are electrified is determined based on the road’s slope in the 
segments. The model allows for a brake recovery back out into the ERS, which is why both lanes of the 
road are electrified in the model, where vehicles are driving uphill in one lane, taking power from the ERS, 
and downhill in the other lane, generating power which is sent back out into the ERS.  
 
The ERS segments have a length of 5 km and several ERS segments can be placed next to each other and 
built together. A vector is calculated with places for every 0.5 seconds containing ones and zeros, 
𝑬𝑹𝑺𝒚𝒆𝒔_𝒐𝒓_𝒏𝒐. The ones indicate that an ERS is built at those places and zeros indicate that no ERS is 
built at those places. Each segment of 5 km in the vector contains either ones or zeros. If a segment is to 
contain ones is determined by the sum of the absolute values of the slopes in that segment. A slope at the 
place 𝑛 in the vector, 𝑆𝑙𝑜𝑝𝑒! [%], is the percental slope of the road and is calculated through Equation 
30.  
 

𝑆𝑙𝑜𝑝𝑒! =
!!!!!!!

(!!!!!!!)!!(!!!!!!!)!
∙ 100     (30) 

 
The sum of the absolute values of the slopes in a segment needs to be at least 500% if the segment is to 
contain ones, meaning that the segment has an ERS. If the sum of the absolute slope values is less than 
500%, the corresponding segment will contain zeros in the 𝑬𝑹𝑺𝒚𝒆𝒔_𝒐𝒓_𝒏𝒐 vector.  
 
At the segments that do not have an ERS, 𝑬𝑹𝑺𝒚𝒆𝒔_𝒐𝒓_𝒏𝒐 = 0, the vehicle will use the same hybrid drive 
technology as described in the previous section. However, it is assumed that the battery always has a SOC 
of 100% when the vehicle enters a segment without an ERS since the vehicle has the possibility to charge 
the battery while driving in the ERS. The model assumes that the battery is charged to a SOC of 100% 
within 0.5 seconds as soon as a vehicle enters an ERS segment, which in the real world would not be the 
case. The assumption of always charging the battery to a SOC of 100% during the ERS segments is 
reliable since the ERS segments always are at least 5 km, which means enough time to charge the battery 
to its full cycle window of 10 kWh when driving in a speed of 90 km/h and with a battery power of 200 
kW. The battery will get charged with 𝐸!"#$_!"#_!"_!"# [kWh], which is calculated according to Equation 
31. 𝐸!"_!"#_!"#$_!"#_!"# [kWh] is the energy level in the battery’s cycle window just before entering the 
ERS.  
 
𝑬𝒇𝒓𝒐𝒎_𝒆𝒓𝒔_𝒕𝒐_𝒃𝒂𝒕 = 𝐸!"#_!"# − 𝑬𝒐𝒏_𝒃𝒂𝒕_𝒋𝒖𝒔𝒕_𝒃𝒆𝒇_𝒆𝒓𝒔    (31) 
 
The sum of the total energy that is taken from the ERS in order to charge the battery, 
𝐸!"#$_!"#_!"_!"#_!"! [kWh], is calculated in Equation 32. 
 
𝐸!"#$_!"#_!"_!"#_!"# = 𝐸!"#$_!"#_!"_!"!!

!
!!!     (32) 

  
Another difference for the ERS vehicle compared to the hybrid vehicle described in the previous section 
is that it might have more than one EM in its powertrain. If there is more than one EM, there will be as 
many inverters as EMs as well. The number of EMs in the powertrain, 𝑁𝑢𝑚!", will lead to a higher 
power limit for the EMs both when supplying the powertrain with power and when supplying the battery 
with power during braking. Hence, the new power limit of Equation 18 will be 𝑃!"_!"#"$_!"# ∙ 𝑁𝑢𝑚!" 
[W] and the new power limit for Equation 22 will be 𝑃!"_!"#"$_!"# ∙ 𝑁𝑢𝑚!" [W]. The number of EMs 
will also affect the losses in the EMs and the inverters which are calculated based on interpolation of the 
rotation speed and of the EM’s torque. If there are several EMs, the rotation speed will not be affected. 
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However, the torque calculated in Equation 20 and Equation 24 need to be divided with the number of 
EMs in order to get the right torque for each EM and inverter, which is used for interpolation in the 
power loss matrixes for the inverter and the EM. Hence, the power losses for the inverter and the EM are 
for each inverter and EM. If there are several inverters and EMs, the losses, 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃 and 
𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒉𝒚𝒃, used in Equation 19 and Equation 23 need to be multiplied with the number of EMs.  
 
At the segments that are electrified,  𝑬𝑹𝑺𝒚𝒆𝒔_𝒐𝒓_𝒏𝒐 = 1, the vehicle can be in three states; two states 
requiring power, 𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 > 0, and one state where braking power can be recovered and generated back 
into the ERS, 𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 < 0. When the vehicle requires power, the power could either be taken entirely 
from the ERS, 𝑷𝒆𝒎_𝒆𝒓𝒔_𝒑𝒐𝒔 [W], or it could be the sum of power from the ERS, 𝑷𝒆𝒎_𝒆𝒓𝒔_𝒑𝒐𝒔, and from 
the ICE 𝑷𝒊𝒄𝒆_𝒆𝒓𝒔_𝒑𝒐𝒔 [W]. 𝑷𝒆𝒎_𝒆𝒓𝒔_𝒑𝒐𝒔 is a vector containing all positive numbers of the vector 𝑷𝒆𝒎_𝒆𝒓𝒔 
and 𝑷𝒊𝒄𝒆_𝒆𝒓𝒔_𝒑𝒐𝒔 is a vector containing all positive numbers of 𝑷𝒊𝒄𝒆_𝒆𝒓𝒔. In order to know how much 
energy the vehicle needs to be supplied with, both the power out form the EM and from the ICE need to 
be calculated.      
 
The vehicle’s entire power requirement can be taken from the ERS if the power limit from the EM allows 
for it. However, the EM has a maximum power limit of approximately 130 kW, which might be less than 
the vehicle needs. If the power limit from one EM is not sufficient, several EMs will be used in series in 
order to reach sufficient power levels from the EMs. The number of EMs and inverters used is expressed 
as 𝑁𝑢𝑚!". Furthermore, if the vehicle is driving in an ERS, the EMs will power it continuously. An EM 
with a maximum power limit of 130 kW has a continuous power limit of 100 kW, 𝑃!"_!!"!_!"! [W], when 
the EMs can deliver all the power that is required to the powertrain. However, if the EMs can not deliver 
enough power to the powertrain, they will instead have power limits of 30 kW each, 𝑃!"_!"#_!"# [W], and 
the rest of the power will come from ICE. These power limits have been provided by Scania. (Vågstedt, 
2013) Hence, when the vehicle is in need for power, 𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 > 0, the power output from the EM is 
decided by Equation 33.  
 

𝑷𝒆𝒎_𝒆𝒓𝒔_𝒑𝒐𝒔       =         
𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 ≤ 𝑃!"_!!"!_!"# ∙ 𝑁𝑢𝑚!" ∶   𝑷𝒉𝒚𝒃_𝒆𝒓𝒔

                          𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 > 𝑃!"_!!"!_!"# ∙ 𝑁𝑢𝑚!":𝑃!"_!"#_!"# ∙ 𝑁𝑢𝑚!"
  (33) 

 
For these cases, the corresponding power that needs to be taken from the ICE is calculated according to 
Equation 34. 
 

𝑷𝒊𝒄𝒆_𝒆𝒓𝒔_𝒑𝒐𝒔   =   
𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 ≤ 𝑃!"_!!"!_!"# ∙ 𝑁𝑢𝑚!":  0

        𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 > 𝑃!"_!!"!_!"# ∙ 𝑁𝑢𝑚!":𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 − 𝑃!"_!"#_!"# ∙ 𝑁𝑢𝑚!"
  (34) 

 
 
The number of EMs, 𝑁𝑢𝑚!", is based on Equation 35 where the number 𝑁𝑢𝑚 is calculated. 𝑁𝑢𝑚!" is 
then the closest whole number to 𝑁𝑢𝑚. The number 𝑁𝑢𝑚 is calculated based on 90% of the maximum 
power need for the vehicle, 𝑃!!"_!"#_!"# [W], and the maximum continuous power limit of one EM. If 
𝑁𝑢𝑚 would be less than 0.5, 𝑁𝑢𝑚!" is still rounded up to one EM.  
 

𝑁𝑢𝑚 = !.!∙!!!"_!"#_!"#

!!"_!!"!_!"#
      (35) 

 
The power that needs to be taken from the ERS is the needed power from the EMs plus the losses in the 
EMs and in the inverters. The losses in the EMs and in the inverters depend on the rotation speed and on 
the torque for each EM. Through the torque and the rotation speed the power losses in the EMs, 
𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒆𝒂𝒄𝒉 [W], and in the inverters, 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒆𝒂𝒄𝒉 [W], can be calculated through interpolation 
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in the power loss matrixes provided by Scania for the power losses in the EM and in the inverter. The 
power that is taken from the ERS, 𝑷𝒇𝒓𝒐𝒎_𝒆𝒓𝒔 [W], can then be calculated through Equation 36.  
 
𝑷𝒇𝒓𝒐𝒎_𝒆𝒓𝒔 = 𝑷𝒆𝒎_𝒆𝒓𝒔_𝒑𝒐𝒔 + 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒆𝒂𝒄𝒉 ∙ 𝑁𝑢𝑚!" + 𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒆𝒂𝒄𝒉 ∙ 𝑁𝑢𝑚!"  (36) 
 
The energy that is taken from the ERS, 𝐸!"#$_!"# [kWh], is then calculated through Equation 37.  
 
𝐸!"#$_!"# = (𝐸!"#$_!"#_!"_!"#_!"# + 𝑃!"#!!"!!

!
!!! ∙ (𝑡!!! − 𝑡!))/𝑇           (37) 

 
When the vehicle uses the ERS, there will be energy losses in the system. These losses are included in the 
energy usage from the ERS. The efficiency of the ERS, 𝜂!"#, is 0.926 (0.99 for the pantograph and 0.935 
for the rest of the ERS) and the vehicle’s energy use from the ERS, including the losses in the ERS 
𝐸!"#$_!"#_!"! [kWh], is calculated according to Equation 38.  
 

𝐸!"#$_!"#_!"! =
!!"#$_!"#

!!"#
       (38) 

 
When the vehicle applies its brakes, 𝑷𝒉𝒚𝒃_𝒆𝒓𝒔 < 0, power can be recovered and generated back into the 
ERS. The amount of power that can be recovered depends on the high continuous power limit of the 
EMs, 𝑃!"_!!"!_!"#_!"# [W], which is -100 kW. The braking power that is taken care of by the EMs is 
called 𝑷𝒆𝒎_𝒏𝒆𝒈_𝒆𝒓𝒔 [W] and is calculated through Equation 39, where 𝜂!" is the efficiency of the 
powertrain set to 0.95 and 𝑷𝒘𝒉𝒆𝒆𝒍 [W] is the braking power at the wheels.  
 

𝑷𝒆𝒎_𝒏𝒆𝒈_𝒆𝒓𝒔   =   
            𝑷𝒘𝒉𝒆𝒆𝒍 ∙ 𝜂!" > 𝑃!"_!!"!_!"#_!"# ∙ 𝑁𝑢𝑚!" ∶   𝑷𝒘𝒉𝒆𝒆𝒍 ∙ 𝜂!"

                      𝑷𝒘𝒉𝒆𝒆𝒍 ∙ 𝜂!" ≤ 𝑃!"_!!"!_!"#_!"# ∙ 𝑁𝑢𝑚!" ∶   𝑃!"_!!"!_!"#_!"#
  (39) 

 
The braking power that reaches the ERS depends on the losses in the EMs and in the inverters. The 
losses depend on the rotation speed and on the torque for each EM. Through the torque and the rotation 
speed, the losses in each inverter, 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒏𝒆𝒈_𝒆𝒂𝒄𝒉 [W], and in each EM, 𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒏𝒆𝒈_𝒆𝒂𝒄𝒉 [W], 
can be calculated through interpolation in the power loss matrixes provided by Scania. The recovered 
brake power that then reaches the ERS, 𝑷𝒕𝒐_𝒆𝒓𝒔 [W], is calculated through Equation 40.  
 
𝑷𝒕𝒐_𝒆𝒓𝒔 = 𝑷𝒆𝒎_𝒏𝒆𝒈_𝒆𝒓𝒔 ∙ −1 − 𝑷𝒊𝒏𝒗_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒏𝒆𝒈_𝒆𝒂𝒄𝒉 ∙ 𝑁𝑢𝑚!" − 𝑷𝒆𝒎_𝒍𝒐𝒔𝒔_𝒆𝒓𝒔_𝒏𝒆𝒈_𝒆𝒂𝒄𝒉 ∙ 𝑁𝑢𝑚!"  (40) 
 
The energy recovered back to the ERS, 𝐸!"_!"# [kWh], is then calculated through Equation 41. 
 
𝐸!"_!"# = 𝑃!"_!"!!

!
!!! ∙ (𝑡!!! − 𝑡!)/𝑇     (41) 

 
Likewise to the hybrid vehicle, the changed energy content on the battery from the start of the drive to the 
end has to be compensated for. The ERS vehicle charges the battery through power from the ERS. The 
energy that is needed to compensate for the battery’s energy content in the beginning of the drive 
compared to the end of the drive, 𝐸!"#_!"##_!"# [kWh], is calculated according to Equation 42. 
 

𝐸!"#_!"##_!"# =
!!"#_!"#$"!!!"#_!"#

!!"#∙!!"#
    (42) 

 
When the energy that is sent back to the ERS and the energy needed to compensate for the changed 
energy content on the battery are known, the net use of energy from the ERS, 𝐸!"#$_!"#_!"# [kWh], can 
be calculated through Equation 43.  
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𝐸!"!"_!"#_!"# = 𝐸!"#$_!"#_!"! − 𝐸!"_!"# + 𝐸!"#_!"##_!"#    (43) 
 
The corresponding emissions of CO2, 𝑚!!!_!" [kg], from the use of the electricity is then calculated 
according to Equation 44, where 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠!" [kg/kWh], is the emissions of CO2 in kg per net used kWh 
electricity, which is 0.093 kg/kWh (as described in Chapter 2.5.2).   
 
𝑚!!!_!" = 𝐸!"#$_!"#_!"# ∙ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠!"     (44) 
 
The emissions of CO2 per km due to the electricity usage from the ERS, 𝑚!!!_!"_!" [kg/km], is 
calculated according to Equation 45. 
 

𝑚!!!_!"_!" =
!!!!_!"

!!"!
      (45) 

 
The energy usage per km from the ERS, including the losses of the ERS, 𝐸!"#$_!"#_!"!_!" [kWh/km], is 
then calculated as shown in Equation 46.  
 

𝐸!"#$_!"#_!"#_!" = !!"#$_!"#_!"#

!!"!
       (46) 

   
The use of diesel for the hybrid vehicle in the ERS depends on the power output from the ICE, 
𝑷𝒊𝒄𝒆_𝒆𝒓𝒔_𝒑𝒐𝒔  [W], which in the case of the ERS, 𝑬𝑹𝑺𝒚𝒆𝒔_𝒐𝒓_𝒏𝒐 = 1, is calculated through Equation 31. 
When the road is not electrified, 𝑬𝑹𝑺𝒚𝒆𝒔_𝒐𝒓_𝒏𝒐 = 0, the power output from the ICE is calculated 
according to Equation 16-26 with the differences that the hybrid vehicle in the ERS has a number of EMs 
and inverters that correspond to the number in 𝑁𝑢𝑚!" and that the SOC always is 100% when the 
vehicle enters a segment without an ERS. Based on the needed energy output from the ICE,  𝑷𝒊𝒄𝒆_𝒆𝒓𝒔_𝒑𝒐𝒔  , 
the total needed energy from the fuel, 𝐸!"#_!"# [kWh], the needed energy per km 𝐸!"#_!"#_!" [kWh/km], 
the total fuel input, 𝑉!"#$_!"# [ l ], the total CO2 emissions, 𝑚!!!_!"#_!"# [kg], and the CO2 emissions per 
km, 𝑚!!!_!"#_!"#_!" [kg/km], can be calculated in the same way as for the conventional vehicle according 
to Equation 2-8 by replacing 𝑷𝒊𝒄𝒆_𝒑𝒐𝒔 with 𝑷𝒊𝒄𝒆_𝒆𝒓𝒔_𝒑𝒐𝒔  . 
 
The total amount of energy that is used for the ERS vehicle, 𝐸!!"_!"_!"#_!"! [kWh], can then be calculated 
as the sum of the energy taken from the diesel, 𝐸!"#_!"# [kWh], and the net energy taken from the ERS, 
according to Equation 47.  
 
𝐸!!"_!"_!"#_!"! = 𝐸!"#_!"# + 𝐸!"#$_!"#_!"#     (47) 
       
The corresponding emissions of CO2 for the hybrid in the ERS, 𝑚!!!_!!"_!"_!"#_!"! [kg], can then be 
calculated as the sum of the emissions from the use of diesel, 𝑚!!!_!"#_!"# [kg], and from the net use of 
electricity, 𝑚!!!_!"_!"#, according to Equation 48.  
 
  𝑚!!!_!!"_!"_!"#_!"! = 𝑚!!!_!"#_!"# +𝑚!!!_!"     (48) 
 
The energy taken from the ERS per km, 𝐸!!"_!"_!"#_!" [kWh/km], is calculated according to Equation 49 
and the corresponding emissions of CO2 per km, 𝑚!!!_!!"_!"_!"#_!" [kg/km], is calculated according to 
Equation 50.  

𝐸!!"_!"_!"#_!" = !!!"_!"_!"#  
!!"!

      (49) 
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𝑚!!!_!!"_!"_!"#_!" =
!!!!_!!"_!"_!"#  

!!"!
     (50) 

 
An illustration of the ERS vehicle is given in Figure 30.  
 

 
Figure 30: The power from the EM comes from the ERS when the vehicle is in ERS segments and from the battery when 
the vehicle is in segments without ERSs. The energy that the vehicle uses comes both from the fuel that the ICE is supplied 
with and from the ERS. 
 
4.2.2 Economic Model 
 
The focus of the economic model is to calculate the km costs of using the conventional vehicle, the hybrid 
vehicle and the ERS vehicle. For the conventional vehicle, the only cost will be the diesel cost. Costs for 
the vehicle are not included, since these are assumed to be the same for conventional, hybrid and ERS 
vehicles. For the hybrid vehicle, the costs will be diesel cost and cost for depreciation of the hybrid 
system. The hybrid system cost is the additional cost of buying a hybrid vehicle instead of a conventional 
vehicle. For the ERS vehicle, the costs include the costs for energy (electricity and diesel), infrastructure 
and depreciation of the hybrid system plus pantograph and additional EMs and inverters. The economic 
model first includes a description of general and case specific parameters. These origins from the literature 
study, additional sources and extrapolations in Excel. It is thereafter followed by descriptions of how the 
energy costs, vehicle costs and infrastructure costs are modelled and calculated respectively. These 
calculations are modelled in MATLAB. The main outcome of the economic model is the price per 
kilometre for each vehicle type.  
 
The Parameters used in the Economic Model  
Many in-parameters are needed for the economic model. The parameters are all assumed to be valid for 
the year of 2020, and some of the parameters are modified in order to be more accurate for 2020. The 
case-specific parameters are described in the Chapter 3. However, the case specific parameters price of 
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hybrid system and price of electric motor are generated from the results from the technology model and 
are therefore not presented in Chapter 3. The additional price for the hybrid system is set by value based 
pricing: the additional cost for the hybrid system is set as the energy saving cost from driving a hybrid 
instead of a conventional truck during half of its depreciation years. In the mining case however, the cost 
for the hybrid system is not the energy saving cost during half of its depreciation years since it only is 
expected to be fully functioning for 2 years. The cost for the hybrid system in the mining case is instead 
the energy saving cost during 1.5 years. Table 8 shows the resulting in-parameters to the economic model. 
The price of an additional EM (including the inverter) is calculated as 25% of the total hybrid system 
price. (Vågstedt, 2013)  
 
Table 8: The price of the hybrid system was set based on the saved energy costs in half of the depreciation time (2 years in the 
mining case). The price of an additional electric machine (including an inverter) was set as 25% of the hybrid system price.  
 Price of Hybrid System 

[SEK] 
Price of Additional Electric 

Machine [SEK] 

Distribution  108 000  27 000 

Long-Haulage 245 000 61 000 

Mining 203 000 50 800 

 
The energy costs are needed as in-parameters in the economic model. As described in Chapter 2.4, the 
diesel price is likely to be approximately 12.2 SEK/l (VAT not included) in 2020. The diesel price used in 
the model is rounded up to 13 SEK/l. As described in Chapter 2.5.1, the electricity price constitutes of 
several parts. In order to estimate the average electricity price 2020, the ahead market at Nord Pool 
(through Nasdaq Omx) is used for the spot price part of electricity. The 24th of May 2013, the ahead spot 
price for 2020 was 38.20 öre/kWh. (Nasdaq Omx, 2013) The power grid cost and tax per kWh is 
extrapolated through Excel from 1996 and up to 2020. The results from the extrapolations are shown in 
Figure 31 and Figure 32.  
 

 
Figure 31: The grid prices have been increasing since 1996. The graph shows an overview over the electricity grid prices from 
1996 and forward, with extrapolated values up until 2020. (Statistics Sweden, 2013) 
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Figure 32: The electricity tax is different in the north of Sweden than in the rest of the country. In the graphs above, the 
electricity tax development is showed. The values were extrapolated up until 2020. (Swedish Energy Market Inspectorate, 
2013)  
 
The extrapolations gave a power grid cost of 34 öre/kWh and an electricity tax of 25 öre/kWh in the 
north of Sweden and of 34 öre/kWh in the rest of Sweden in 2020. The electricity tax of 34 öre/kWh is 
used in the model since this tax is the one that is valid for the largest amount of electricity users in 
Sweden.  
 
In the future, the electricity certificate price is believed to increase at first and thereafter decrease to a level 
of 0 öre/kWh in 2030. Therefore, the price for 2020 is set to the same price level as in 2010, which was 
7.3 öre/kWh. (Ekonomifakta, 2010) A supplement charge of 1.2 öre/kWh is added to cover 
administrative costs, power reserve costs, balance costs and some earnings to the electricity trading 
company. (God El, 2013) An overview of the different electricity costs and the total electricity cost for 
2020 is shown in Table 9.  
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Table 9: The table shows and the different parts of the electricity costs, and the total cost per kWh for year 2020.  
 Year 2020 

Elspot  38,2 
Grid 34 
Tax (except North) 34 
Electricity 
Certificate 7,3 

Additional costs 1,2 
Total cost (except 
North) [öre] 114,7 
 
Whether or not the haulage contractor company can choose their own electricity trading company does 
not influence the electricity cost very much. However, the model assumes that exact electricity metering is 
applied.   
 
The investment cost for the ERS along the road is taken from Svenska Elvägar’s estimation of 10 million 
SEK per km, as described in Chapter 2.2.3. As mentioned in Chapter 2.2.4, the additional power grid cost 
per km of ERS along the road can vary from a few millions up to a couple of ten millions. In the model, 
this is set to 5 million SEK per km. Since these investment cost are unsure, the same investment costs are 
used for all three cases. If these systems are to be built, the investment cost per km is likely to be different 
for the different cases. The model calculates the cost per km for using the ERS infrastructure. The 
payback time for the infrastructure investments is set to 40 years and the interest rate to 4%. These are 
chosen since 40 years payback time and 4% interest rate are common for infrastructure investments. 
(Westerlund, 2013) As mentioned in Chapter 2.2.3, the price of the pantograph is estimated to be between 
120 000-240 000 SEK. Therefore, the price of the pantograph in the modelling is set to 180 000 SEK per 
pantograph.  
 
An additional in-parameter is the percentage of trucks that drive on the road that actually use the ERS. 
This is set to 50%. The reason for choosing 50% is based on the assumption that ERSs are well developed 
and that many trucks want to use it in order to save energy costs. Another in-parameter is the one 
describing how much of the infrastructure that is financed by the government and how much the users 
have to pay for. This is expressed as perctentage of infrastructure financed by the users, and initially set at 
75%. The reason for this is, as described in Chapter 2.6, that the government finances 50% of the public 
transportation system in Sweden. Hence, it is seen as a appropriate start value that ERSs could be financed 
by 25%.  
 
Summary of the general in-parameters: 
 

• Electricity Cost: 1.1 SEK/kWh 
• Diesel Price: 13 SEK/l 
• Electric Road System Cost: 10 000 000 SEK/km 
• Additional Power Grid Cost 5 000 000 SEK/km 
• Payback Time for Infrastructure Investments:  40 years 
• Interest Rate for Infrastructure Investments: 4% 
• Interest Rate for lending the Money for Purchase of Vehicle: 5% 
• Pantograph Cost: 180 000 SEK 
• Percentage of Trucks using the Electric Road System: 50% 
• Percentage of Infrastructure Financed by the Users: 75% 
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The Conventional Vehicle, Economic Model 
This part of the economic model is modelled in MATLAB. The cost for the conventional vehicle when it 
is driving a specific road (depending on the case) is the fuel cost. A conventional truck does not have to 
pay for the ERS infrastructure. There is a cost for the vehicle, but since this is a comparison with the 
hybrid system (that also have that cost), this cost is not included in the model. Therefore, the conventional 
vehicle’s only additional cost is the energy cost. The total fuel volume that is needed for the conventional 
vehicle, 𝑉!"#$_!"#$, is given from the technology model.  
 

• The diesel price 𝑃𝑟𝑖𝑐𝑒!"#$#% [SEK/l] 
• The consumed diesel after driving the road 𝑉!"#$_!"#$ [ l ] (given from the technology model) 
• The total distance, 𝐷!"! [km]  

 
The total diesel cost after driving a distance, 𝐶𝑜𝑠𝑡!"#$#%_!"#$, is calculated by using Equation 51.  
 
𝐶𝑜𝑠𝑡!"#$#%_!"#$ = 𝑃𝑟𝑖𝑐𝑒!"#$#% ∙ 𝑉!"#$_!"#$     (51) 
 
The average cost for driving one km with the conventional vehicle,𝐾𝑚𝐶𝑜𝑠𝑡!"#$, is calculated with 
Equation 52.  
 

𝐾𝑚𝐶𝑜𝑠𝑡𝑐𝑜𝑛𝑣 =
𝐶𝑜𝑠𝑡𝑑𝑖𝑒𝑠𝑒𝑙_𝑐𝑜𝑛𝑣

𝐷𝑡𝑜𝑡
     (52) 

 
The Hybrid Vehicle, Economic Model 
Also this part of the model is done in MATLAB. Likewise the conventional vehicle, the hybrid vehicle’s 
only energy cost is the diesel cost. The electricity that the EM uses has been generated from diesel (when 
braking). The energy cost for the hybrid vehicle is calculated in a similar way as the diesel cost for the 
conventional vehicle, see Equation (51) and Equation (52).  
 
For the hybrid vehicle, an additional cost is added for the depreciation of the vehicle’s hybrid system. This 
cost is calculated as a yearly cost. As described in the Chapter 3, the different types of vehicles have 
different lengths of full usage time. The different case trucks also have different costs for the hybrid 
system. The interest rate that adds to the yearly cost of borrowing the money is set to 5%. (Vågstedt, 
2013)  
 

• Depreciation time 𝑌!"# [years] 
• Cost of hybrid system 𝐶𝑜𝑠𝑡!!"_!"!#$% [SEK]  
• Interest rate on loan, 𝑟!"#$ 

 
The yearly depreciation cost for the additional hybrid system, 𝑌𝑒𝑎𝑟𝑙𝑦𝐶𝑜𝑠𝑡!"!!"#$_!!" [SEK], is calculated 
by using Equation 53.  
 

𝑌𝑒𝑎𝑟𝑙𝑦𝐶𝑜𝑠𝑡!"!!"#$_!!" =
(!"#$!!"_!"!#$%∙!!"#$)

!!(!!!!"#$)
!!!"#    (53) 

     
In order to get the result as a cost per km, the yearly costs for paying off the additional cost for the hybrid 
system is divided by the number of kilometres that the vehicle drives per year. As presented in Chapter 3, 
the driven length per year does also vary between the different cases.  
 

• Average number of driven km per year 𝐾𝑚!"#_!"#$ [km] 
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The average km cost for using hybrid vehicle, 𝐾𝑚𝐶𝑜𝑠𝑡!"!!"#$_!!" [SEK/km], is calculated using 
Equation 58.  

 
𝐾𝑚𝐶𝑜𝑠𝑡!"!!"#$_!!" = 𝑌𝑒𝑎𝑟𝑙𝑦𝐶𝑜𝑠𝑡!"!!"#$_!!"/𝐾𝑚!"#_!"#$   (54) 

 
The total cost per km for using the hybrid (𝐾𝑚𝐶𝑜𝑠𝑡!!")  is received by simply adding together the 
average diesel cost per km (𝐾𝑚𝐶𝑜𝑠𝑡!"#$#%_!!" [SEK/km]) with the depreciation cost per km 
(𝐾𝑚𝐶𝑜𝑠𝑡!"!!"#$_!!"). This is calculated in Equation 55.  
 
𝐾𝑚𝐶𝑜𝑠𝑡!!" = 𝐾𝑚𝐶𝑜𝑠𝑡!"#$#%_!!" + 𝐾𝑚𝐶𝑜𝑠𝑡!"!!"#$_!!"    (55) 
 
The Electric Road System Vehicle, Economic Model 
This third and final part is also done in MATLAB. The costs for the ERS vehicle are the energy costs 
(diesel and electricity), the depreciation of the additional vehicle costs and the cost for paying off the ERS.  
 
The diesel cost per km,  𝐶𝑜𝑠𝑡!"#$#%_!"#_!" [SEK/km], is calculated in the same way as for the 
conventional vehicle and the hybrid vehicle as shown in Equation 51 and Equation 52. However, the 
electricity part of the energy cost needs to be calculated. As given from the technology model, the actual 
electricity that the user should pay for is the net use of electricity from the ERS,  𝐸!"#$_!"#_!"#_!" 
[kWh/km]. The net use of electricity is the electricity taken from the ERS minus the electricity that is 
regenerated back to the ERS. The net use of electricity from the ERS includes the losses when 
transmitting the electricity through the grid and the ERS to the vehicle, which the user has to pay for. 
However, the regenerated electricity is assumed to be without grid losses since it is used almost instantly 
by another vehicle in the system.  
 
This amount of diesel consumed is much lower than in the previous cases, since the ERS vehicle also uses 
electricity. The total energy cost per km for the hybrid vehicle that uses the ERS, 𝐾𝑚𝐶𝑜𝑠𝑡!"!#$%_!"# 
[SEK/km], is calculated using Equation 56.  
 

• The electricity price 𝑃𝑟𝑖𝑐𝑒!" [SEK/kWh] 
 
𝐾𝑚𝐶𝑜𝑠𝑡!"!#$%_!"# = (𝑃𝑟𝑖𝑐𝑒!" ∙ 𝐸!"#$_!"#_!"#_!" + 𝐶𝑜𝑠𝑡!"#$#%_!"#_!")    (56) 
 
The additional vehicle cost for the ERS vehicle is higher than the additional cost for the hybrid vehicle, 
𝐶𝑜𝑠𝑡!!"_!"!#$%, compared to the conventional vehicle. An additional pantograph cost is added. Also, 
some ERS vehicles need more than one EM. The cost for these is also added to the total hybrid system 
cost for the vehicle using the ERS. One EM cost is taken away since this is already included in the original 
hybrid system cost.  
 

• The cost of the pantograph  𝐶𝑜𝑠𝑡!"#$[SEK] 
• The cost of an additional EM (including inverter) 𝐶𝑜𝑠𝑡!" [SEK] 
• The number of electric machines needed 𝑁𝑢𝑚!"  

 
The total cost for the ERS vehicle, 𝐶𝑜𝑠𝑡!"!_!!"_!"!#$%_[SEK], is calculated using Equation 57.  
 
𝐶𝑜𝑠𝑡!"!_!!"_!"!#$% =   𝐶𝑜𝑠𝑡!!"_!"!#$% + 𝐶𝑜𝑠𝑡!"#$ + 𝐶𝑜𝑠𝑡!" ∙ (𝑁𝑢𝑚!" − 1)   (57) 
 
From this, the km cost for the additional vehicle components 𝐾𝑚𝐶𝑜𝑠𝑡!"!!"#$_!"# [SEK/km] is calculated 
in accordance with Equation 53 and Equation 54 in the hybrid case.  
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The last cost to be added to the ERS vehicle cost is the infrastructure costs, which constitutes of the cost 
for providing the additional power grid infrastructure, as well as the cost for the ERS infrastructure along 
the road.  
 
The yearly total income needed for the stakeholder that made the investment, 𝐼𝑛𝑐𝑜𝑚𝑒!"#$%_!"!"#, is 
calculated in a similar way as the yearly depreciation cost for the vehicle. See Equation 58.  
 

• Pack back time 𝑌!"#_!"#$ [years] 
• The total investment cost for the infrastructure, including additional power grid and electric road 

system, I!"#$%[SEK] 
• Interest rate on the investment, 𝑟!"#$% 

 

𝐼𝑛𝑐𝑜𝑚𝑒!"#$%_!"#$! =
(!!"#$%∙  !!"#$%)

!!(!!    !!"#$%)
!!!"#_!"#$    (58) 

 
This yearly income that is needed for the owner of the ERS is split over the users. The yearly income 
needed from the ERS is split over all driven km during one year. This is made by first calculating the total 
number of km driven on the electrified part of a road for a year, 𝑅𝑜𝑎𝑑!"!#$_!"_!"_!""_!"!!"#$% [km/year]. 
The cost is thereafter divided by the total amount of driven km on ERS for a road (see Equation 59). 
From the case specific information, the average number of vehicles driving on a road during a day, 
𝐷𝑎𝑖𝑙𝑦!"#_!"!!"#$% [amount/day], is known. These have to be multiplied by 2, since the cost per km for 
electrifying is for both road lanes, whilst the traffic intensity data is only for one lane. Since the traffic 
intensity data is per day, it is also multiplied by the number of days during one year, 𝐷𝑎𝑦!"#$ [day/year], 
which is 365. This gives the total driven km per year in an (Agfors, et al., 2012) ERS for a specific route.  
 
𝑅𝑜𝑎𝑑!"!#$_!"_!"_!""_!"!!"#$% =   𝐷𝑎𝑖𝑙𝑦!"#_!"!!"#$%    ∙   𝐷!"! ∙ 2   ∙ 𝐷𝑎𝑦!"#$   (59) 
 
The cost per km for using the infrastructure, 𝐾𝑚𝐶𝑜𝑠𝑡!"#$%, was calculated using Equation 60. 
 
𝐾𝑚𝐶𝑜𝑠𝑡!"#$% =    𝐼𝑛𝑐𝑜𝑚𝑒𝐼𝑛𝑓𝑟𝑎!"#$%!/𝑅𝑜𝑎𝑑!"!#$_!"_!"_!""_!"!!"#$%  (60) 
 
Note that the cost for driving a km in the ERS is an average for a whole road, in which some parts may be 
electrified and some parts not.  
 
Equation 61 gives the total cost per km for using the ERS vehicle, 𝐾𝑚𝐶𝑜𝑠𝑡!"# [SEK/km].  
 
𝐾𝑚𝐶𝑜𝑠𝑡!"# = 𝐾𝑚𝐶𝑜𝑠𝑡!"!#$%_!"# + 𝐾𝑚𝐶𝑜𝑠𝑡!"!!"#$_!"# + 𝐾𝑚𝐶𝑜𝑠𝑡!"#$%  (61) 
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5 Results  
 
The results for the base scenario are divided into three sections, one for each case. These sections present 
the results for the base scenario and begin by presenting the results for the conventional vehicle, followed 
by the results for the hybrid vehicle and thereafter the results for the ERS vehicle. Thereafter the results 
are summarized in a table. Each section ends with a table that shows possible the environment benefits 
attained from CO2 emission reductions.  
 

5.1 Results for the Distribution Case 
 
The results for the Distribution Case are divided into three sections. The first section presents the results 
for the conventional vehicle, the second section presents the results for the hybrid vehicle and the last 
section presents the results for the ERS vehicle. 
 
5.1.1 The Conventional Vehicle in the Distribution Case 
 
The conventional vehicle in the distribution case requires a power output from the internal combustion 
engine, ICE, as shown in Figure 33. The maximum power output is 174 kW and the vehicle has a small 
power output at approximately 1 kW when the velocity is 0. In order for the ICE to supply the powertrain 
with the power output shown in Figure 33, the ICE has to be supplied with 27.7 litres of fuel with a total 
energy content of 270 kWh. Since the truck has travelled 116 km, the truck has used an average of 2.33 
kWh per km, which generates emissions of 0.575 kg CO2 per km. The conventional vehicle’s cost per km 
is the fuel cost, which is 3.10 SEK.   

Figure 33: The power output from the ICE during in the conventional truck during a driving time of 4.9 hours has a 
maximum of 174 kW. 
 
5.1.2 The Hybrid Vehicle in the Distribution Case 
 
The hybrid vehicle has a power output both from the ICE and from the EM, as shown in Figure 34. The 
highest power output from the ICE is 167 kW and the electric machine, EM, has a maximum power 
output of 48.4 kW. Through the hybrid drive technology, the required fuel supply to the ICE is decreased 
to 23.4 litres with a total energy content of 228 kWh and an energy usage per km of 1.97 kWh. This 
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energy usage is 15.5% less than the conventional truck’s energy usage to perform the same work. Hence, 
the corresponding emissions of CO2 are also lower for the hybrid vehicle with a total of 0.485 kg/km, 
which also is 15.5% less than the emissions per km for the conventional vehicle.  
  

 
Figure 34: The hybrid vehicle gets propulsion power both from the ICE and from the EM and recovers braking power 
through the EM which it stores on the battery.  
 
The hybrid drive technology requires a recovery of the brake power, which is illustrated in Figure 34 as a 
negative power. The power recovery is at most 130 kW (-130 kW in the figure), which is the power limit 
of the EM. The recovered braking power is stored at the battery, which thereafter is used when the vehicle 
is in need for power from the EM. The energy content of the battery 4.18 kWh less in the end of the 
drive, as shown in Figure 35, compared to the beginning of the drive, which is included in the calculations 
of the total energy usage. 
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Figure 35: The SOC of the battery in the hybrid vehicle varies between 50% and 0%.  
  
The hybrid vehicle has a lower fuel cost compared to the conventional vehicle due to the decreased fuel 
consumption. However, the hybrid vehicle has a higher purchase cost than the conventional vehicle, 
resulting in a higher vehicle cost per km. The total cost for the hybrid per km is 2.93 SEK. The fuel cost 
per km is 2.62 SEK, which is 0.481 SEK less than the fuel cost for the hybrid vehicle. The extra cost for 
the hybrid vehicle is 0.311 SEK/km, which is less than the saved fuel cost per km. Hence, the cost for the 
hybrid vehicle is 5.50% less per km compared to the cost for the conventional vehicle in the distribution 
case.  
 
5.1.3 The Electric Road System Vehicle in the Distribution Case 
 
The ERS vehicle gets supplied with power both from the EM and from the ICE, where the power from 
the ICE comes from the fuel and the power from the EM comes from the ERS when the vehicle is at 
ERS segments and from the battery at segments that do not have an ERS. Since the vehicle has a hybrid 
technology it has a power recovery when braking. The recovered power is sent back to the ERS when 
there is an ERS available and it is sent to the battery at segments of the road that are not electrified. 
 
The road is electrified in segments of 5 km and several segments of 5 km could be built next to each 
other. If the segment is electrified or not is determined based on the sum of the road slopes within the 
segment, which has to be at least 500%. Figure 36 shows when the is an ERS or not. The number 1 
indicates that there is an ERS and 0 indicates that there is no ERS during that time. As seen in Figure 36, 
there is an ERS at 51.7% of its total distance.  
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Figure 36: The road is electrified at 51.7% of its total distance. The number 1 indicates that there is an ERS and 0 
indicates that there is no ERS during that point in time.    
 
The power flows in the ERS vehicle are shown in Figure 37. The vehicle has two EMs and two inverters, 
which give a maximum power limit of 200 kW (which is stated as -200 kW when braking). However, the 
highest required propulsion power from the EMs is 173 kW. Hence, the EMs always deliver enough 
propulsion power and the ICE does therefor never operate during segments of ERSs. Power is taken 
from the ERS both in order to supply the EMs with propulsion power and to charge the battery to a 
100% SOC while the vehicle is in an ERS segment. Power is also sent back out into the ERS when the 
vehicle is in an ERS segment and applies its brakes. The maximal braking power that is delivered to the 
EMs is 200 kW (expressed as -200 kW in Figure 37). The total net energy that is taken from the ERS is 
91.3 kWh. The energy taken from the ERS per km is 0.787 kWh, which generates CO2 emissions of 
0.0731 kg/km.  
 
At segments where there are no ERS, the vehicle uses the hybrid drive technology. The total maximum 
power from the EMs is 83.1 kW and the maximum power from the ICE is 92.6 kW in segments that do 
not have an ERS. In order to deliver this power, the ICE has to be supplied with 6.94 litres fuel with a 
total energy content of 67.8 kWh, which is an energy supply of 0.584 kWh per km. This leads to emissions 
of 0.144 kg CO2 per km. 
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Figure 37: Propulsion power is delivered both from the ICE and from the EMs and the EMs get the power both from the 
ERS and from the battery depending on if the vehicle is in an ERS segment or not. The braking power is sent back into the 
ERS if the vehicle is in an ERS segment, otherwise it is used to charge the battery.  
 
The battery has an energy content that is 4.82 kWh higher than the start value of 5.0 kWh, which is 
compensated for in the calculation for the total energy usage from the ERS. The SOC of the battery 
during the drive is presented in Figure 38. 
 

 
Figure 38: The SOC of the battery is 50.0% in the beginning of the drive and end at a level of 98.2%. 
 
When adding the energy usage from the ERS and from the ICE to each other, the ERS vehicle has a total 
energy usage of 159 kWh, which is 1.37 kWh/km This energy usage is 41.1% less compared to the energy 
usage for the conventional vehicle and 30.3% less than the energy usage from the hybrid vehicle. This 
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lowered energy usage and changed energy type results in CO2 emissions of 0.217 kg/km, which is 62.2% 
less than the emissions from the conventional vehicle and 55.2% less than the emissions from the hybrid 
vehicle. 
 
The cost for the hybrid vehicle that drives in the ERS is divided into costs for the energy including both 
the electricity usage and the fuel usage, the extra costs for the hybrid system including the cost for the 
pantograph and cots for using the ERS infrastructure. The extra cost for the hybrid vehicle compared to 
the conventional vehicle is 0.900 SEK/km and the cost for the infrastructure is 1.97 SEK/km. The energy 
cost for both the electricity and the fuel is 1.64 SEK/km. Hence, the total cost for the ERS vehicle is 4.51 
SEK/km. Even though the energy cost is lower for the hybrid that drives in the ERS compared to the 
conventional and hybrid vehicle, the cost per km is 45.5% and 53.9% higher for the hybrid in the ERS 
compared to the conventional vehicle and the hybrid vehicle respectively.  
 
A summary of the results from the base scenario for the Distribution Case is presented in Table 10. 
 
Table 10: A summary of the energy usage, the CO2 emissions and the cost per km for the conventional vehicle, the hybrid 
vehicle and the hybrid vehicle in the ERS and comparisons.  
Distribution 
Case, 
Base 
Scenario 

Conventional 
Vehicle 

Hybrid 
Vehicle 

ERS Vehicle Hybrid Vehicle 
vs. 

Conventional 
Vehicle 

ERS Vehicle vs. 
Conventional 

Vehicle 

ERS Vehicle 
vs. Hybrid 

Vehicle 

kWh/km 2.33 1.97 1.37 -15.5% -41.1% -30.3% 
kg CO2/km 0.575 0.485 0.217 -15.5% -62.2% -55.2% 
SEK/km 3.10 2.93 4.51 -5.50% +45.5% +53.9% 
 
 
 
5.1.4 Sustainability Results for the Distribution Case 
 
Table 11 shows the yearly emissions of CO2 for the Distribution Case during a whole year. It shows how 
the emissions vary depending on if only conventional vehicles uses the road, compared to if ERS vehicles 
use it. The emissions are shown for the following cases of ERS: 
 

• Where to build ERS is based on the same slope requirement as in the Base Scenario. As in the 
Base Scenario, 50% use the ERS.  

• Where to build ERS is based on the same slope requirement as in the Base Scenario. All of the 
vehicles, 100%, use the ERS.  

• Where to build ERS is not based on any slope requirements, instead ERSs are built for the entire 
route.  As in the Base Scenario, 50% use the ERS.  

• Where to build ERS is not based on any slope requirements, instead ERS is built for the entire 
route.  All the vehicles, 100%, use the ERS.  
 

Note that the emissions are calculated as a total of all vehicles driving on the Distribution Case route 
during a whole year. Therefore, the two cases of ERS tested, where 50% used the ERS, also include 
emissions from conventional vehicles. The different cases of ERSs were tested in order to see different 
CO2 emission reductions. The last one represents a best-case scenario, in which all vehicles drives on a 
route that has an ERS for the entire distance.   
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Table 11: The yearly emissions of CO2 from all the trucks driving on the Distribution Case road. The emissions from the 
conventional vehicle are compared with the emissions from different ERS cases. The ERS cases vary in slope requirements 
and percentages of trucks using ERS.  
Distribution 
Case 

Only 
Conventional 
Vehicles 

ERS based on 
Slope 
Requirement, 
50% ERS 
Vehicles 
(Base 
Scenario) 

ERS based on 
Slope 
Requirement, 
100% ERS 
Vehicles 

ERS on Entire 
Distance, 50% 
ERS Vehicles 

ERS on Entire 
Distance,  
100% ERS 
Vehicles (Best-
Case Scenario) 

Emissions of 
CO2 [ton/year] 

9,970 6,870 3,770 5,840 1,700 

Change from 
only 
Conversional 
Vehicles  

0.00% -31.1% -62.2% -41.5% -83.0% 

 
As can be seen from Table 11, the reduction in CO2 emissions (compared to using only conventional 
vehicles) is 31.1% in the Base Scenario. If all vehicles use the ERS, the reduction is doubled (62.2%). 
Constructing an ERS for the entire road does not increase the reductions as much, instead it gives a 41.5% 
reduction of CO2 emissions. The greatest reduction is attained when all vehicles use the ERS and when an 
ERS is built along the entire distance. This decreases the emissions of CO2 with 83.0%.  
 

5.2 Results for the Long-Haulage Case 
 
The results for the Lon-Haulage Case are divided into three sections. The first section presents the results 
for the conventional vehicle, the second section presents the results for the hybrid vehicle and the last 
section presents the results for the ERS vehicle. 
 
5.2.1 The Conventional Vehicle in the Long-Haulage Case 
 
The truck in the Long-Haulage Case has a maximum power output from the ICE of 371 kW. The power 
output from the ICE for the conventional vehicle is shown in Figure 39. In order for the ICE to supply 
the powertrain with the propulsion power shown in Figure 39, the ICE has to be supplied with fuel of a 
total volume of 142 litres with a total energy content of 1,390 kWh. The vehicle travels a total distance of 
447 km, which leads to an energy usage per km of 3.10 kWh and CO2 emissions of 0.766 kg/km. The cost 
for the conventional vehicle in the Long-Haulage case is 4.13 SEK per km.  
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Figure 39: The power output from the ICE during in the conventional truck during a driving time of 5.6 hours has a 
maximum of 371 kW. 
 
5.2.2 The Hybrid Vehicle in the Long-Haulage Case 
 
The power outputs from the ICE and from the EM in the hybrid vehicle as well as the power input to the 
EM while braking are presented in Figure 40. The ICE has a maximum power output of 369 kW and the 
EM has a maximum power output of 55.1 kW. The braking power that is sent through the EM has a 
maximum of 130 kW (expressed in Figure 40 as -130 kW). In order for the ICE to supply the vehicle with 
this power output, the ICE requires a fuel volume of 125 litres with an energy content of 1220 kWh. The 
energy usage per km is 2.74 kWh, which is a reduction of 11.8% compared to the conventional vehicle. 
The energy usage per km results in CO2 emissions of 0.676 kg/km, which also is 11.8% less than the 
emissions for the conventional vehicle.   
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Figure 40: The hybrid vehicle gets propulsion power both from the ICE and from the EM and recovers braking power 
through the EM which it stores on the battery.  
 
The SOC of the battery during the vehicle’s drive is shown in Figure 41. The SOC is at first 50.0% and 
ends at a level of 31.8%, which is a decreased energy content of 1.81 kWh. This decreased energy level on 
the battery is included in the calculated used energy per km. The SOC is at a level around zero in the 
middle of the drive which is due to a larger discharge of the battery compared to the charge of the battery. 
When the vehicle requires propulsion power, the battery is discharging and when the vehicle applies its 
brakes, power can be recovered and used to charge the battery. There is a low recovery of braking power 
in the middle of the road due to the topography. 
 

 
Figure 41: The SOC of the battery varies between 58% and 0%. 
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The hybrid vehicle has a lower fuel cost compared to the conventional vehicle, but the hybrid vehicle has 
a higher purchase cost. The hybrid vehicle has an energy cost of 3.64 SEK/km and an additional vehicle 
cost compared to the conventional vehicle of 0.287 SEK/km, which results in a total cost of 3.93 
SEK/km. The cost for the hybrid vehicle is 4.84% less than the km cost for the conventional vehicle.  
 
5.2.3 The Electric Road System Vehicle in the Long-Haulage Case 
 
Figure 42 shows when there is an ERS or not during the vehicles driving time. The road has an ERS at 
38.0% of its total distance.  
 

 
Figure 42: The road is electrified at 38.0% of its total distance. The number 1 indicates that there is an ERS and 0 
indicates that there is no ERS during that point in time. 
 
The ERS vehicle gets supplied with power both from the EM and from the ICE, as shown in Figure 43. 
The power from the EM comes from both the ERS and from the battery. Since the vehicle has a hybrid 
technology it has a power recovery when braking, which is sent back into the ERS when the current 
segment has an ERS and to the battery when the vehicle is in segments without an ERS. 
 
The ERS vehicle has three EMs and three inverters, which give a maximum continuous power limit of 
300 kW (which is stated as -300 kW when braking). Since the vehicle has a maximum required power 
output of 370 kW, the EMs do not always deliver enough propulsion power. The ICE contributes with 
power when the EMs do not deliver enough power, even though the vehicle is in a segment that has an 
ERS. When the ICE supplies the powertrain with power during ERS segments, the EMs will have total 
continuous power limit of 90 kW (stated as -90 kW when braking). Hence, the maximum power that 
comes from the EMs during the drive is 300 kW. Likewise, the maximal braking power is also 300 kW 
(expressed as -300 kW in Figure 43). The total net energy that is taken from the ERS is 286 kWh. The 
energy taken from the ERS per km is 0.640 kWh, which generates CO2 emissions of 0.0595 kg/km.  
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Figure 43: Propulsion power is delivered both from the ICE and from the EMs and the EMs get the power both from the 
ERS and from the battery depending on if the vehicle is in an ERS segment or not. The braking power is sent back into the 
ERS if the vehicle is in an ERS segment, otherwise it is used to charge the battery.  
 
The battery has an energy content that is 5.00 kWh higher than the start value of 5.00 kWh, which is 
compensated for in the calculation for the total energy usage from the ERS. The SOC of the battery 
during the drive is presented in Figure 44. 
 

 
Figure 44: The SOC of the battery is 50.0% in the beginning of the drive and end at a level of 100%. 
 
The maximum power from the ICE is 280 kW and the total fuel volume that is needed in order for the 
ICE to give the power shown in Figure 43 is 69.1 litres, with an energy content of 675 kWh and an energy 
usage per km of 1.51 kWh. This energy usage results in CO2 emissions of 0.373 kg/km.  
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When adding the energy usage from the ERS to the fuel energy usage, the total energy usage per km is 961 
kWh, which is 2.15 kWh/km with a total emission of CO2 of 0.432 kg/km. This energy usage is 30.7% 
less compared to the energy usage for the conventional vehicle and 21.4% less than the energy usage for 
the hybrid vehicle. The lowered energy usage and the changed sort of energy also result in decreased CO2 
emissions. The emissions are decreased by 43.6% compared to the conventional vehicle and by 36.0% 
compared to the hybrid vehicle.  
 
The extra cost for the hybrid vehicle in the ERS compared to the conventional vehicle is 0.645 SEK/km 
and the cost for the infrastructure is 0.415 SEK/km. The energy cost for both the electricity and the fuel 
is 2.71 SEK/km. Hence, the total cost for the hybrid vehicle in the ERS is 3.77 SEK/km. This cost is 
lower than for the conventional vehicle as well as for the hybrid vehicle by 8.72% and 4.07% respectively.  
 
A summary of the results from the base scenario for the Long-Haulage Case is presented in Table 12.  
 
Table 12: A summary of the energy usage, the CO2 emissions and the cost per km for the conventional vehicle, the hybrid 
vehicle and the hybrid vehicle in the ERS and comparisons. 
Long-
Haulage 
Case,  
Base 
Scenario 

Conventional 
Vehicle 

Hybrid 
Vehicle 

ERS Vehicle Hybrid Vehicle 
vs. 

Conventional 
Vehicle 

ERS Vehicle vs. 
Conventional 

Vehicle 

ERS Vehicle 
vs. Hybrid 

Vehicle 

kWh/km 3.10 2.74 2.15 -11.8% -30.7% -21.4% 
kg CO2/km 0.766 0.676 0.432 -11.8% -43.6% -36.0% 
SEK/km 4.13 3.93 3.77 -4.84% -8.72% -4.07% 
 
 
5.2.4 Sustainability Results for the Long-Haulage Case 
 
Table 13 shows the yearly emissions of CO2 for the Long-Haulage Case during a whole year. It shows 
how the emissions vary depending on if only conventional vehicles use the road, compared to if ERS 
vehicles use it. 
 
Table 13: The yearly emissions of CO2 from all the trucks driving on the Long-Haulage Case road. The emissions from the 
conventional vehicle are compared with the emissions from different ERS cases. The ERS cases vary in slope requirements 
and percentages of trucks using ERS.  
Long-Haulage 
Case 

Only 
Conventional 
Vehicles 

ERS based on 
Slope 
Requirement, 
50% ERS 
Vehicles (Base 
Scenario) 

ERS based 
on Slope 
Requirement
, 100% ERS 
Vehicles 

ERS on 
Entire 
Distance, 
50% ERS 
Vehicles 

ERS on 
Entire 
Distance,  
100% ERS 
Vehicles 
(Best-Case 
Scenario) 

Emissions of 
CO2 [ton/year] 

179,000 140,000 101,000 115,000 39,900 

Change from 
only 
Conversional 
Vehicles  

0.00% -21.8% -43.5% -35.4% -77.7% 

 
As can be seen from Table 13, the reduction in CO2 emissions (compared to using only conventional 
vehicles) is 21.8% in the Base Scenario. If all vehicles use the ERS the reduction is twice as high, 43.6%.  
Constructing an ERS for the entire road creates a 35.4% reduction of CO2 emissions. The greatest 
reduction is attained when all vehicles use the ERS and when an ERS is constructed on the entire distance. 
This decreases the emissions of CO2 with 77.7%.  
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5.3 Results for the Mining Case 
 
The results for the Mining Case are divided into three sections. The first section presents the results for 
the conventional vehicle, the second section presents the results for the hybrid vehicle and the last section 
presents the results for the ERS vehicle. 
 
5.3.1 The Conventional Vehicle in the Mining Case 
 
The truck in the Mining Case has a maximum power output from the ICE of 611 kW, as shown in Figure 
45. In order for the ICE to supply the powertrain with the propulsion power shown in Figure 45, the ICE 
requires a fuel supply by 95.2 litres with the total energy content of 930 kWh. The vehicle travels a total 
distance of 151 km, leading to an energy usage of 6.14 kWh/km and CO2 emissions of 1.52 kg/km. The 
cost for the conventional vehicle is 8.18 SEK/km. 
 

 
Figure 45: The power output from the ICE during in the conventional truck during a driving time of 5.6 hours has a 
maximum of 611 kW. 
 
5.3.2 The Hybrid Vehicle in the Mining Case 
 
The power outputs from the ICE and from the EM in the hybrid vehicle as well as the power input to the 
EM while braking are presented in Figure 46. The ICE has a maximum power output of 573 kW and the 
EM has a maximum power output of 48.5 kW. The braking power that is sent through the EM has a 
maximum of 130 kW (expressed in Figure 46 as -130 kW). In order for the ICE to supply the vehicle with 
the power in Figure 46, the ICE requires a fuel volume of 88.9 litres with an energy content of 869 kWh. 
This results in an energy usage per km of 5.74 kWh, which is a reduction of 6.63% compared to the 
conventional vehicle. The energy usage per km results in CO2 emissions of 1.42 kg/km, which is 6.63% 
less than the emissions for the conventional vehicle. 
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Figure 46: The hybrid vehicle gets propulsion power both from the ICE and from the EM and recovers braking power 
through the EM which it stores on the battery. 
 
The SOC of the battery during the vehicle’s drive is presented in Figure 47. The SOC is at first 50.0% and 
ends at a level of 5.62%, which is a decreased energy content of 4.44 kWh. This decreased energy level on 
the battery is included in the calculated used energy per km. 
 

 
Figure 47: The SOC of the battery varies between 50.0% and 0.0%. 
 
The hybrid vehicle has a lower fuel cost compared to the conventional vehicle, but the hybrid vehicle has 
a higher purchase cost. The hybrid vehicle has an energy cost of 7.63 SEK/km and the additional vehicle 
cost compared to the conventional vehicle is 0.437 SEK/km, which results in a total cost of 8.07 
SEK/km. The cost for the hybrid vehicle is 1.29% less compared to cost per km for the conventional 
vehicle. 
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5.3.3 The ERS Vehicle in the Mining Case 
 
Figure 48 presents when there is an ERS or not during the vehicles driving time. The road has an ERS at 
29.8% of its total distance.  
 

 
Figure 48: The road is electrified 29.8% at of the vehicle’s total travelled distance. The number 1 indicates that there is an 
ERS and 0 indicates that there is no ERS during that point in time. 
 
The ERS vehicle gets supplied with power both from the EM and from the ICE, as shown in Figure 49. 
The power from the EM comes both from the ERS and from the battery. The braking power is sent back 
into the ERS when the current segment has an ERS and to the battery when the vehicle is in segments 
without an ERS. 
 

 
Figure 49: Propulsion power is delivered both from the ICE and from the EMs and the EMs get the power both from the 
ERS and from the battery depending on if the vehicle is in an ERS segment or not. The braking power is sent back into the 
ERS if the vehicle is in an ERS segment, otherwise it is used to charge the battery.  
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The battery has an energy content that is 5.00 kWh higher than the start value of 5.00 kWh, which is 
compensated for in the calculation for the total energy usage from the ERS. The SOC of the battery 
during the drive is presented in Figure 50. 
 

 
Figure 50: The SOC of the battery is 50.0% in the beginning of the drive and end at a level of 100%. 
 
The ERS vehicle has five EMs and five inverters, which give a maximum power limit of 500 kW (stated as 
-500 kW when braking). Since the vehicle has a maximum required power output of 609 kW, the EMs will 
not always be able to deliver the required propulsion power. If the EMs are not able to deliver enough 
propulsion power, the ICE will also supply the powertrain with power and the EMs will have a total 
continuous power limit of 150 kW (stated as -150 kW when braking). Hence, the maximum power that 
comes from the EMs during the drive is 500 kW. Likewise, the maximal braking power is also 500 kW 
(expressed as -500 kW in Figure 49). The total net energy that is taken from the ERS is 185 kWh. The 
energy taken from the ERS per km is 1.22 kWh, which generates CO2 emissions of 0.114 kg/km.  
 
The ICE has a maximum power output of 527 kW and the total fuel volume that is needed in order for 
the ICE to give the power shown in Figure 49 is 51.1 litres, with an energy content of 499 kWh and an 
energy usage of 3.29 kWh/km. This energy usage results in CO2 emissions of 0.813 kg/km.  
 
In total, the ERS vehicle has an energy usage of 684 kWh, which is 4.52 kWh/km, when summing the 
energy usage from the ERS and the fuel energy usage. This will result in CO2 emissions of 0.927 kg/km. 
The energy usage for the hybrid in the ERS is 26.5% less than the energy usage for the conventional 
vehicle and 21.2% less than the usage of the hybrid vehicle. The decreased energy usage and the changed 
energy type results in decreased CO2 emissions of 38.9% and 34.5% compared to the conventional and 
hybrid vehicle respectively.  
 
The extra cost for the hybrid vehicle in the ERS compared to the conventional vehicle is 1.26 SEK/km 
and the cost for the infrastructure is 2.21 SEK/km. The energy cost for both the electricity and the fuel is 
5.73 SEK/km. Hence, the total cost for the hybrid vehicle in the ERS is 9.20 SEK/km, which is higher 
than the cost for both the conventional vehicle as well as for the hybrid vehicle by 12.5% and 14.0% 
respectively.  
 
A summary of the results from the base scenario for the Mining Case is presented in Table 14. 
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Table 14: A summary of the energy usage, the CO2 emissions and the cost per km for the conventional vehicle, the hybrid 
vehicle and the hybrid vehicle in the ERS and comparisons. 
Mining Case, 
Base 
Scenario 

Conventional 
Vehicle 

Hybrid 
Vehicle 

ERS Vehicle Hybrid Vehicle 
vs. 

Conventional 
Vehicle 

ERS Vehicle vs. 
Conventional 

Vehicle 

ERS Vehicla 
vs. Hybrid 

Vehicle 

kWh/km 6.14 5.74 4.52 -6.63% -26.5% -21.2% 
kg CO2/km 1.52 1.42 0.927 -6.63% -38.9% -34.5% 
SEK/km 8.18 8.07 9.20 -1.29% +12.5% +14.0% 
 
5.3.4 Sustainability Results for the Long-Haulage Case 
 
Table 15 shows the yearly emissions of CO2 for the Mining Case during an entire year. It shows how the 
emissions vary depending on if only conventional vehicles use the road, compared to if ERS vehicles use 
it. 
 
Table 15: The yearly emissions of CO2 from all the trucks driving on the Mining Case road. The emissions from the 
conventional vehicle are compared with the emissions from different ERS cases. The ERS cases vary in slope requirements 
and percentages of trucks using ERS.  
Mining Case 

 
Only 
Conventional 
Vehicles 

ERS based on 
Slope 
Requirement, 
50% ERS 
Vehicles (Base 
Scenario) 

ERS based 
on Slope 
Requiremen, 
100% ERS 
Vehicles 

ERS on 
Entire 
Distance, 
50% ERS 
Vehicles 

ERS on 
Entire 
Distance,  
100% ERS 
Vehicles 
(Best-Case 
Scenario) 

Emissions of 
CO2 [ton/year] 

17,600 14,200 10,800 10,800 5,870 

Change from 
only 
Conversional 
Vehicles  

0.00% -19.4% -38.9% -39.0% -66.7% 

 
As can be seen from Table 15, the reduction in CO2 emissions (compared to using only conventional 
vehicles) is 19.4% in the Base Scenario. If all vehicles use the ERS the reduction is twice as high, 38.9%.  
Constructing an ERS for the entire road gives approximately the same reduction, 39.0%, of CO2 
emissions. The greatest reduction is attained when all vehicles use the ERS and when an ERS is 
constructed on the entire distance. This decreases the emissions of CO2 with 66.7%.  
 

5.4 Break-Even Points 
 
Table 16 shows the break-even when comparing the costs for the ERS vehicle with the conventional 
vehicle.  
 
For the Distribution Case and the Mining Case, the costs for the users have to be lowered in order to 
reach break-even. Since the Long-Haulage Case already was profitable, the costs for the user are instead 
increased.  
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Table 16: The table shows the break-even points for the for which value of a specific parameter that the hybrid vehicle in the 
ERS is more profitable than the conventional vehicle.  
Conventional 
Vehicle vs ERS 
Vehicle 

Distribution Case Long-Haulage Case Mining Case 

New Value Change New Value Change New Value Change 

Percentage of 
trucks using 
electric road 

178% +256% 27% -46% 93% +86% 

Trucks per hour 
using the ERS 

30.4  +256% 16.1 -46% 8.14 +86% 

Infrastructure 
Cost 

4,200,000 -72% 27,900,000 +86% 8,100,000 -46% 

The User’s 
share of the 
Infrastructure 
Cost 

21% -72% 139% +85% 40% -47% 

Hybrid System 
Price 

Not 
possible to 
break-even 

Not 
possible 
to break-

even 

441,000 +80% Not 
possible to 
break-even 

Not possible 
to break-even 

Diesel Price 20.9 +61% 10.8 -17% 16.6 +28% 
Electricity Price - - 1.66 +51% 0.26 -76% 
  
In order to find out how much the emission from electricity production could increase before the hybrid 
on the ERS generated as much CO2-emissions as the conventional diesel truck, the break-even point for 
this was found. This is shown in Table 17.  
 
Table 17: The table shows the break-even points for which the value of CO2-emissions per kWh electricity that the ERS 
vehicle have less emissions than the conventional vehicle. Since the emissions were lower for the ERS-hybrid in the base case, 
the emissions are increased until the break-even point is reached.  
Conventional 
Vehicle vs ERS 
Vehicle 

Distribution Case Long-Haulage Case Mining Case 

New Value Change New Value Change New Value Change 

Percentage of 
trucks using 
electric road 

110% +120% 22% -44% 76% +52% 

CO2-emissions 
from per kWh 
electricity 

0.55 +491% 0.61 +556% 0.57 +513% 
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6 Scenario Analysis  
 

Multiple different scenarios are possible in the future. For this thesis, four possible scenarios are 
generated. These are primary based on two parameters: the government’s interest in investing in electric 
road systems and the available oil supply. Figure 51 shows the four scenarios.  
 
 

 
Figure 51: Four different future scenarios were generated based on the level of governmental engagement in electric roads and 
level of available oil supply.  
 

The four future scenarios are:  
 

1) Governmental influence and interest for ERSs high, large amounts of oil available 
2) Governmental influence and interest for ERSs high, shortage of oil 
3) Low governmental influence and interest for ERSs, large amounts of oil available 
4) Low governmental influence and interest for ERSs, shortage of oil 

 
 

6.1 Scenario Descriptions 
 

A short description of the different future scenarios is provided below. 
 
Scenario 1: Governmental influence and interest for ERSs high, large amounts of oil available  
The government chooses to invest in ERSs, for environmental purposes. A price reduction of 25% is 
given for haulage transportation companies that choose to buy a hybrid vehicle. The government finances 
the infrastructure investment by 50% (as is the same price reduction as SL today). The diesel price and 
electricity price stays at the same levels as before. Companies choose ERSs or diesel mainly based on what 
have the lowest costs.  
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Scenario 2: Governmental influence and interest for ERSs high, shortage of oil  
There is a shortage of oil, and the government chooses to support the transformation towards greener 
transportation energy usage. Sustainability is seen as very important, both for companies and for the 
government. The diesel price increases by 25%. A price reduction of 25% is given for haulage contractor 
companies that choose to buy a hybrid vehicle. ERSs are built on the roads’ entire distances. 90% of the 
trucks are using ERSs. The electricity cost increases by 50%, to create incentives for energy efficiencies 
(through eco driving etc.), but also to pay for the greener electricity production units.  
 
Scenario 3: Low governmental influence and interest for ERSs, large amounts of oil available  
Oil is continued to being used as the main fuel, together with some bio fuels. Bio fuels have a slightly 
increased share each year, through slow incremental change. Due to the larger share of bio fuels, the CO2 
emissions from diesel decrease by 20%. The price of diesel is kept constant. Short gains are searched 
resulting in a 50% shorter payback time for the vehicles.. The ERSs are being fully paid for by the users, 
who are charged by a PPP-company that requires 50% better interest rate than in the Base Scenario.  
 
Scenario 4: Low governmental influence and interest for ERSs, shortage of oil 
The government is very weak and it is not financially supporting ERSs, but the price of diesel increases so 
much (50%) that market driven forces makes many haulage contractor companies starts using ERSs 
instead. The shortage of oil and fossil fuels drives up the electricity price with 50%. 75% of the distance of 
the roads are electrified. The users have to pay for the ERS investment, but 75% of the trucks use the 
ERSs. The shortage of resources increases the infrastructure cost by 25%. The lack of available resources 
makes the electricity production use all possible available sources and the amount of coal increases, 
increasing the emissions from electricity with 50%.  
 
Scenario Overviews 
The changes that were done for the different in-parameters are summarized in Table 18.  
 
Table 18: An overview of how the in-parameters were modified for the different future scenarios 
Scenarios Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Diesel Price - +25% - +50% 

Electricity Price - +50% - +50% 
Infrastructure Cost - - - +25% 
Users’ Part of 
Infrastructure Cost 50% 

75% (as in base 
case scenario) 

100% 100% 

Interest Rate 
Investment - - +50% - 

Percentage of 
Hybrid System Paid 
for by Government  

25% 25% 
0% (as in base 
case scenario) 

0% (as in base 
case scenario) 

Payback Time 
Vehicle - - -50% - 

Percentage of Road 
Electrified  

As in base case 
scenario 

100% 
As in base case 

scenario 
As in base case 

scenario 
Percentage of trucks 
using electric road 

50% (as in base 
case scenario) 

90% 
50% (as in base 
case scenario)  

75% 

CO2-emissions from 
one litre diesel - - -20% - 

CO2-emissions from 
using 1 kWh 
electricity 

- - - +50% 
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6.2 Scenario Results 
 
The results from the different scenarios are presented below. These are further discussed in the 
discussion, Chapter 8.2.  
 
Scenario 1: Governmental influence and interest for ERSs high, large amounts of oil available  
Since only economic parameters are modified in Scenario 1, the kWh/km and kg CO2/km are the same as 
in the Base Scenario. The cost per km for using the conventional vehicle is also the same as in the Base 
Scenario. The results from Scenario 1 show that the costs for the hybrid vehicle per km and the costs for 
ERS vehicle decrease.  
 
A summary of the results from the Distribution Case in Scenario 1 is presented in Table 19. As in the 
Base Scenario, the hybrid vehicle is more profitable than the conventional vehicle but the ERS vehicle is 
not. 
 
Table 19: The table shows the results from the Distribution Case in Scenario 1. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and the hybrid vehicle in the ERS and 
comparisons.  
Distribution 
Case,  
Scenario 1 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle  
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 2.33 1.97 1.37 -15.5% -41.1% -30.3% 
kg CO2/km 0.575 0.485 0.217 -15.5% -62.2% -55.2% 
SEK/km 3.10 2.85 3.76 -8.01% +21.3% +31.9% 
 
The results from the Long-Haulage Case in Scenario 1 are summarized in Table 20. The cost per km 
shows that using the ERS vehicle results in the lowest cost per km, as in the Base Scenario.  
 
Table 20: The table shows the results from the Long-Haulage Case in Scenario 1. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparisons. 
Long-Haulage 
Case,  
Scenario 1 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle  

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 3.10 2.74 2.15 -11.8% -30.7% -21.4% 
kg CO2/km 0.766 0.676 0.432 -11.8% -43.6% -36.0% 
SEK/km 4.13 3.86 3.53 -6.58% -14.5% -8.55% 
 
The results from the Long-Haulage Case in Scenario 1 are summarized in Table 21. The cost for using the 
hybrid is less than the cost for using the conventional vehicle, as in the Base Scenario. However, the cost 
per km for using the ERS vehicle is now only slightly higher than the cost for using the conventional 
vehicle. It is still more expensive per km with the ERS vehicle than with the hybrid vehicle.  
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Table 21: The table shows the results from the Mining Case in Scenario 1. It shows the energy usage, the CO2 emissions and 
the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparisons. 
Mining Case, 
Scenario 1 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 6.14 5.74 4.52 -6.63% -26.5% -21.2% 
kg CO2/km 1.52 1.42 0.927 -6.63% -38.9% -34.5% 
SEK/km 8.18 7.96 8.24 -2.62% +0.733% +3.52% 
 
Scenario 2: Governmental influence and interest for ERSs high, shortage of oil  
The results from Scenario 2 show that the kWh/km and the kg CO2/km decrease for the ERS vehicle. 
The SEK/km is decreased for both the hybrid vehicle and the ERS vehicle.  
 
A summary of the results from the Distribution Case in Scenario 2 is presented in Table 22. The cost per 
km is still higher for hybrid and ERS vehicle than for the conventional vehicle.  
 
Table 22: The table shows the results from the Distribution Case in Scenario 2. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparisons. 
Distribution 
Case,  
Scenario 2 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 2.33 1.97 1.05 -15.5% -54.9% -46.6% 
kg CO2/km 0.575 0.485 0.0978 -15.5% -83.0% -79.9% 
SEK/km 3.87 3.51 4.65 -9.52% +20.2% +32.8% 
 
Table 23 shows the results from the Long-Haulage Case in Scenario 2. The ERS vehicle is still the most 
profitable vehicle. The savings from using the ERS vehicle have increased, it now costs almost 30% less to 
use ERS vehicle than to use conventional vehicle.  
 
Table 23: The table shows the results from the Long-Haulage Case in Scenario 2. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparisons.  
Long-Haulage 
Case,  
Scenario 2 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 3.10 2.74 1.56 -11.8% -49.7% -43.0% 
kg CO2/km 0.766 0.676 0.223 -11.8% -70.8% -66.9% 
SEK/km 5.16 4.77 3.72 -7.62% -27.9% -22.0% 
 
Table 24 shows the results from the Mining Case in Scenario 2. The hybrid vehicle still has a lower cost 
per km compared to the conventional vehicle.  
 
Table 24: The table shows the results from the Mining Case in Scenario 2. It shows the energy usage, the CO2 emissions and 
the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparison.  
Mining Case, 
Scenario 2 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 6.14 5.74 2.98 -6.63% -51.5% -48.1% 
kg CO2/km 1.52 1.42 0.334 -6.63% -78.0% -76.4% 
SEK/km 10.2 9.87 10.1 -3.42% -1.33% +2.16% 
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Scenario 3: Low governmental influence and interest for ERSs, large amounts of oil available  
The kg of CO2 per km is lowered for the conventional vehicle, the hybrid vehicle and the ERS vehicle. 
The costs per km for hybrid vehicle and ERS vehicle are increased. 
 
Table 25 shows the results from the Distribution Case in Scenario 3. The percentage relationship between 
emissions from the different vehicles in stays approximately the same. The cost per km for the hybrid 
vehicle is more expensive than the cost for the conventional vehicle. The cost for the ERS vehicle is still 
more expensive than for the other two vehicles. The ERS vehicle is more than twice as expensive per km 
as the other two. 
 
Table 25: The table shows the results from the Distribution Case in Scenario 3. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and ERS vehicle and comparison.  
Distribution 
Case,  
Scenario 3 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 2.33 1.97 1.37 -15.5% -41.1% -30.3% 
kg CO2/km 0.460 0.388 0.189 -15.5% -59.0% -51.5% 
SEK/km 3.10 3.17 6.71 +2.35% +116% +111% 
 
Table 26 shows the results from the Distribution Case in Scenario 3. The hybrid vehicle does no longer 
have lower cost per km compared to the conventional vehicle. The ERS vehicle, that used to be most 
profitable in the Base Scenario, is now the most expensive per km.  
 
Table 26: The table shows the results from the Long-Haulage Case in Scenario 3. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and ERS vehicle and comparison.  
Long-Haulage 
Case,  
Scenario 3 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 3.10 2.74 2.15 -11.8% -30.7% -21.4% 
kg CO2/km 0.613 0.540 0.358 -11.8% -41.6% -33.8% 
SEK/km 4.13 4.18 4.64 +1.17% +12.3% +11.0% 
 
 
Table 27 shows the results from the Mining Case in Scenario 3. The hybrid vehicle does no longer have 
lower cost per km compared to the conventional vehicle. The ERS vehicle is now the most expensive per 
km. The hybrid system has a larger cost per km than the conventional vehicle, which differs from the Base 
Scenario.  
 
Table 27: The table shows the results from the Mining Case in Scenario 3. It shows the energy usage, the CO2 emissions and 
the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparison.  
Mining Case, 
Scenario 3 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 6.14 5.74 4.52 -6.63% -26.5% -21.2% 
kg CO2/km 1.21 1.13 0.764 -6.63% -37.0% -32.5% 
SEK/km 8.18 8.49 12.1 +3.80% +47.6% +42.2% 
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Scenario 4: Low governmental influence and interest for ERSs, shortage of oil 
The emissions from the ERS vehicle are higher in Scenario 4 than in the Base Scenario. Compared to the 
emissions from the conventional vehicle and the hybrid vehicle, however, they are still much lower. The 
cost per km for using the conventional vehicle is higher, and so is the cost for using the hybrid and the 
ERS vehicle.  
 
Table 28 shows the results from the Distribution Case in Scenario 4. The hybrid vehicle has the lowest 
cost per km, as in the Base Scenario. The ERS vehicle is, even though slightly less, still more expensive 
than the conventional vehicle and the hybrid vehicle.  
 
Table 28: The table shows the results from the Distribution Case in Scenario 4. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparison.  
Distribution 
Case,  
Scenario 4 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 2.33 1.97 1.37 -15.5% -41.1% -30.3% 
kg CO2/km 0.575 0.485 0.254 -15.5% -55.8% -47.7% 
SEK/km 4.65 4.24 5.55 -8.85% +19.5% +31.1% 
 
Table 29 shows the results from the Long-Haulage Case in Scenario 4.  The ERS vehicle has the lowest 
cost per km, as in the Base Scenario. This percentage difference is even larger than before.  
 
Table 29: The table shows the results from the Long-Haulage Case in Scenario 4. It shows the energy usage, the CO2 
emissions and the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparison.  
Long-Haulage 
Case,  
Scenario 4 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle  
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 3.10 2.74 2.15 -11.9% -30.7% -21.4% 
kg CO2/km 0.766 0.676 0.462 -11.9% -39.7% -31.6% 
SEK/km 6.20 5.75 5.18 -7.16% -16.5% -10.0% 
 
Table 30 shows the results from the Mining Case in Scenario 4.  The hybrid vehicle has the lowest cost 
per km. However, the cost for the ERS vehicle is now around the same as the cost for the conventional 
vehicle. The cost per km for the ERS vehicle is slightly higher than the cost per km for the hybrid vehicle.  
 
Table 30: The table shows the results from the Mining Case in scenario 4. It shows the energy usage, the CO2 emissions and 
the cost per km for the conventional vehicle, the hybrid vehicle and the ERS vehicle and comparison.  
Mining Case, 
Scenario 4 

Convention
al Vehicle 

Hybrid 
Vehicle 

ERS 
Vehicle 

Hybrid 
Vehicle vs. 

Conventional 
Vehicle 

ERS Vehicle 
vs. 

Conventional 
Vehicle 

ERS 
Vehicle vs. 

Hybrid 
Vehicle 

kWh/km 6.14 5.74 4.52 -6.63% -26.5% -21.2% 
kg CO2/km 1.52 1.42 0.984 -6.63% -35.5% -30.5% 
SEK/km 12.3 11.9 12.3 -3.07% -0.301% +3.05% 
 
    

  



 
 

107 

  



 
 

108 

7 Sensitivity Analysis 
 
The sensitivity analysis tests the model’s robustness. In this master thesis, the outcomes for the ERS 
vehicle were tested, since the ERS vehicle includes all the variables of the conventional vehicle and the 
hybrid vehicle plus additional parameters (i.e. additional hybrid system components and ERS 
infrastructure). In-data parameters are changed, one at a time, in order to observe how much the results 
for the ERS vehicle change when the in-parameter is changed. The in-parameters that are changed in the 
sensitivity analysis have been chosen due to their related uncertainty. The parameters that will be changed 
are: 
 

• The slope requirement indicating what segments of the road that should be electrified 
• The average daily amount of trucks on the road 
• The power limits of the electric machine (EM) 
• The internal combustion engine’s (ICE) fuel to energy ratio  
• The state of charge (SOC) start value 
 

The slope requirement indicates how large percentage of the road that has ERS segments. The 
requirement used in the model is 100% per km, which means 500% per 5 km. This requirement for which 
segments that should have ERSs, is uncertain for several reasons. To begin with, the slope requirement 
might vary for different cases and it is unknown today if the decisions concerning which segments that 
should have ERSs will be based on the road slope at all in the future. Furthermore, the topography data 
for the Distribution Case is unreliable with too steep slopes at several segments, which makes it interesting 
to investigate whether and how a changed slope requirement affects the results in the Distribution Case.  
 
The average daily amount of trucks on the road is changed due to uncertainties in the data collection and 
uncertainties in the future amount of trucks on the road in 2020. For the Mining Case, the traffic intensity 
attained is the actual projected intensity of trucks in the Pajala iron mine. Since it is a forecast, it is not 
certain and therefore considered as suitable to test in a sensitivity analysis. The traffic intensity for the 
Distribution Case and for the Long-Haulage Case is estimated by taking the average from a few randomly 
chosen measurement points for the different routes. Since these are based on a limited number of 
measurement points, these are also associated with uncertainties.  
 
The power limits of the EM that are used are changed in the sensitivity analysis. The power limit of the 
EM when it is used at segments without ERSs is 130 kW. The assumption has been made that the EM can 
be used on its maximum power limit since it is not used at this level continuously in the hybrid drive 
technology. However, it might not be realistic to enable the EM to function at its maximum power limit if 
the hybrid drive technology results in a usage of the EM at the maximum level for too long period of time. 
This is due to the fact that if it is used on its maximum power level for a too long period of time it results 
in too high operating temperatures. Furthermore, the future power limits of the EMs, when in segments 
with ERSs, are not entirely certain since these might be changed and improved in the future. Hence, the 
power limits of the EM, both when operating continuously and when operating on its maximum power 
limit in segments without ERSs are changed in order to study how that affects the results.  
 
The ICE’s fuel to energy conversion ratio is also changed in the sensitivity analysis. This parameter is 
associated with uncertainty since the fuel to energy conversion ratio has been set to a constant level when 
it in reality is not on a constant level. In reality, it changes depending on the current engine torque and 
rotation speed. However, since the engine speed is optimized though the gearbox depending on the 
engine torque and the power requirement, it is assumed to be on a constant level since it is optimised to 
be on approximately this level. Furthermore, since the model uses in-parameter values for the year of 
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2020, it might be that the ICE is more efficient in the future (with a higher fuel to energy ratio) than the 
expected fuel to energy ratio used in the model. 
 
The battery’s energy content in the beginning of the drive, the SOC start value, is analysed in the 
sensitivity analysis since the start value depends on the end value from the vehicle’s previous drive. Hence, 
this value differs from time to time, which is why no general SOC start value can be used in the model. 
The SOC start value is assumed to be 50% in the model, but due to the uncertainty in the SOC start value, 
different start values are tested in order to find out how the start value affects the results.  
 
As shown in Table 31, a changed slope requirement affects the results in the Long-Haulage and Mining 
Cases, there is however no change in the results for the Distribution Case. The lowered requirement to 
250% affects the results the most and generates larger percentages of ERSs along the road. The changed 
ERS percentages and emissions of CO2 are the largest changes due to the changed slope requirement. The 
SEK/km show the smallest change indicating that there are other costs changes, such as the cost for the 
hybrid system and the pantograph, which also would be needed in order to reach a larger change in the 
SEK/km. The Distribution Case shows no change in ERS percentage when changing the slope 
requirement parameter, which indicates that the topography in-data might be questionable to use in order 
to determine the road’s ERS percentage. However, based on a slope requirement, the ERS percentage in 
the Distribution Case is approximately half the distance, which could be the case when electrifying typical 
roads that are included in the distribution route. Since the model generates changes in the results for the 
two other cases indicating a robust model, the conclusion can be drawn that it is not the model but rather 
the topography in-data in the Distribution Case that leads to no changes in the ERS percentage when the 
slope requirement changes.  
 
Table 31: The table presents the change in the results when the slope requirement is changed to a level 50% higher and lower 
than in the Base Scenario.  
Slope Requirement 
+50% & -50%  

Distribution Case Long-Haulage Case Mining Case 

New 
Value 

Change  New 
Value 

Change New 
Value 

Change  

Slope requirement for 5 km 750% +50% 750% +50% 750% +50% 
ERS percentage  51.75% 0.00% 33.63% -11.7% 26.45% -11.1% 
ERS vehicle kWh/km 1.3708 0.00% 2.2202 +3.21% 4.6326 +2.52% 
ERS vehicle kg CO2/km 0.2173 0.00% 0.4587 +6.10% 0.9974 +7.64% 
ERS vehicle SEK/km 4.515 0.00% 3.8293 +1.51% 9.1684 -0.33% 
Slope requirement for 5 km 250% -50% 250% -50% 250% -50% 
ERS percentage  51.75 0.00% 50.44% +32.4% 49.58% +66.6% 
ERS vehicle  kWh/km 1.3708 0.00% 1.9427 -9.69% 3.8121 -15.6% 
ERS vehicle kg CO2/km 0.2173 0.00% 0.3485 -19.4% 0.6633 -28.4% 
ERS vehicle SEK/km 4.5146 0.00% 3.5805 -5.08% 9.5942 +4.30% 
 
A change in the amount of trucks on the road directly affects the results concerning the cost per km, as 
shown in Table 32. When the amount of trucks are increased, the infrastructure cost is split over more 
users, resulting in a decreased infrastructure cost per km for each user. Likewise, a decreased amount of 
trucks on the road results in an increased cost for the infrastructure since the infrastructure cost is split 
over fewer users. Since the infrastructure cost is not the only cost for the users of the ERS, the change in 
the result is not as large as the change in the in-parameter. The largest change in the result is for the 
Distribution Case since the infrastructure cost is a larger share of the km cost compared to the other two 
cases. The reason for the infrastructure cost’s larger share is that the infrastructure cost is split over fewer 
users in the Distribution Case compared to the other cases.  
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Table 32: The table presents the change in the results when the amount of trucks on the road is changed to a level 50% 
higher and lower than in the Base Scenario. 
Amount of Trucks on the 
Road  
+50% & -50% 

Distribution Case Long-Haulage Case Mining Case 

New 
Value 

Change  New 
Value 

Change New 
Value 

Change  

Amount on the road 615 +50% 2145 +50% 315 +50% 
ERS vehicle SEK/km 3.86 -14.4% 3.63 -3.61% 8.46 -8.01% 
Amount on the road 205 -50% 715 -50% 105 -50% 
ERS vehicle SEK/km 6.48 +43.7% 4.19 +11.1% 11.4 +24.0% 
 
As shown in Table 33, the changed power limits of the EM only results in moderate changes in the results 
for all three cases. Hence, if the power limits would have been 50% higher or 50% lower than the power 
limits used in the model, which would only have affected the results to a small extent. The changed costs 
are mainly due to a changed number of EMs since more EMs might be needed when the power limits are 
decreased and fewer EMs are needed when the power limits are increased. For example, an increased 
power limit by 50% results in two EMs in the Long-Haulage Case instead of the three EMs in the Long-
Haulage Case in the Base Scenario. The small changes in the results due to the changes of the EM’s power 
limits indicate a robustness of the model where the power limits only affect the results moderately.  
 
Table 33: The table presents the change in the results when the power limit of the electric machine is changed to a level 50% 
higher and lower than in the Base Scenario. 

 
A change in the fuel to energy ratio for the ICE results in changes in the result as shown in Table 34. An 
increased fuel to energy ratio means that the ICE has to be supplied with more energy in order to perform 
the same work and a decreased ratio means that the ICE needs less fuel in order to perform the same 
work. Hence, an increased ratio leads to increased energy usage, emissions and cost per km and a 
decreased ratio leads to decreased result values. However, since the vehicle also is supplied with energy 
from the ERS, changes in the fuel to energy ratio in the ICE does not result changes in the result that are 
as large as the changed input parameter. Since the diesel combustion results in larger emission per kWh 
compared to the electricity usage, a changed ratio affects the result concerning the emissions per km the 
most.   
 
 
 
 

The Power Limits of the 
Electric Machine 
+50% & -50%  

Distribution Case Long-Haulage Case Mining Case 

New 
Value 

Change  New 
Value 

Change New 
Value 

Change  

Power limit EM: hyb, high, 
low 

195, 150, 
45 

+50% 195, 150, 
45 

+50% 195, 150, 
45 

+50% 

ERS vehicle kWh/km 1.39 +1.55% 2.17 +0.93% 4.43 -2.00% 
ERS vehicle kg CO2/km 0.230 +6.02% 0.434 +0.46% 0.900 -2.91% 
ERS vehicle SEK/km 4.48 -0.76% 3.72 -1.26% 8.96 -2.60% 
Power limit EM: hyb, high & 
low  

65, 50, 
15 

-50% 65, 50, 
15 

-50% 65, 50, 
15 

-50% 

ERS vehicle  kWh/km 1.46 +6.22% 2.10 -2.33% 4.50 -0.442% 
ERS vehicle kg CO2/km 0.236 +8.82% 0.401 -7.17% 0.908 -2.05% 
ERS vehicle SEK/km 4.70 +4.25% 3.97 +5.23%  9.81 +6.63% 
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Table 34: The table presents the change in the results when the fuel to energy ratio of the internal combustion engine is 
changed to a level 20% higher and lower than in the Base Scenario. 
The Fuel to Energy Ratio of 
the Internal Combustion 
Engine  
+20% &-20% 

Distribution Case Long-Haulage Case Mining Case 

New 
Value 

Change  New 
Value 

Change New 
Value 

Change  

Fuel to energy ratio kg/kWh 0.24 +20% 0.24 +20% 0.24 +20% 
ERS vehicle kWh/km 1.49 +8.76% 2.45 +14.0% 5.18 +14.6% 
ERS vehicle kg CO2/km 0.246 +13.4% 0.507 +17.4% 1.09 +17.6% 
ERS vehicle SEK/km 4.67 +3.55% 4.17 +10.6% 10.1 +9.78% 
Fuel to energy ratio kg/kWh 0.16 -20% 0.16 -20% 0.16 -20% 
ERS vehicle kWh/km 1.25 -8.76% 1.85 -14.0% 3.86 -14.6% 
ERS vehicle kg CO2/km 0.189 -12.9% 0.358 -17.1% 0.764 -17.6% 
ERS vehicle SEK/km 4.36 -3.33% 3.37 -10.6% 8.32 -9.57% 
 
The changed energy content due to the difference in the SOC in the beginning of the drive compared to 
the SOC in the end of the drive is compensated for in the model. Hence, a changed SOC start value 
should not affect the results for the ERS vehicle. As shown in Table 35, the SOC start value does not 
affect the results in the Distribution and Long-Haulage Cases. There is however a moderate change in the 
results for the Mining Case due a changed SOC start value. The Mining Case does not begin with an ERS, 
which leads to a use of the hybrid drive technology in the beginning of the drive. The results are changed 
moderately since a changed SOC level affects the stressfactor that determines the amount of power that 
the EM supplies the powertrain with. Hence, a changed SOC changes the stressfactor, which leads to a 
moderate change in the results. However, the sensititity analysis of the SOC start value indicates a robust 
model.    
 
Table 35: The table presents the change in the results when the SOC start value is changed to a level 50% higher and lower 
than in the Base Scenario. 
State Of Charge Start Value  
+50% & -50% 

Distribution Case Long-Haulage Case Mining Case 

New 
Value 

Change  New 
Value 

Change New 
Value 

Change  

SOC start value 75% +50% 75% +50% 75% +50% 
kWh/km 1.37 0.00% 2.15 0.00% 4.51 -0.22% 
Kg CO2/km 0.217 0.00% 0.432 0.00% 0.923 -0.43% 
SEK/km 4.51 0.00% 3.77 0.00% 9.19 -0.11% 
SOC start value 25% -50% 25% -50% 25% -50% 
kWh/km 1.37 0.00% 2.15 0.00% 4.53 +0.22% 
Kg CO2/km 0.217 0.00% 0.432 0.00% 0.931 +0.43% 
SEK/km 4.51 0.00% 3.77 0.00% 9.21 +0.11% 
 
The sensitivity analysis shows that changes in in-data affect the results to various extents. There is, 
however, appropriate relationships between the percentage changes in the results compared to which in-
data that is changed. Therefore, the robustness and reliability of the model is valued as satisfactory.  
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8 Discussion 
 
This thesis is made from a haulage contractor company’s perspective. When talking of a profitable 
outcome, this means it is profitable for the haulage contractor company to use the ERS vehicel compared 
to using the conventional vechile or the hybrid vehicle. 
 

8.1 Discussion of Base Scenario 
 
 As can be seen from the Distribution Case, Figure 52, the kWh/km and the kg CO2/km is lowered when 
using the hybrid vehicle and much lower when using the ERS vehicle. The kg CO2/km is decreased with 
as much as 62.2% when using an ERS vehicle instead of a conventional vehicle.  However, there is no 
economic gain from changing from a conventional vehicle to an ERS vehicle: it costs 45.5% more per km. 
Therefore, there are no economic incentives for changing to an ERS vehicle in the Base Scenario. 
However changing to a hybrid vehicle decreases the cost a bit, -5.50%. Also, switching from conventional 
vehicle to hybrid vehicle decreases the CO2 emissions with 15.5%.  
 

 
Figure 52: The hybrid vehicle and the ERS vehicle both have a decreased energy usage and decreased emissions of CO2 
compared to the conventional vehicle in the Distribution Case. The hybrid vehicle does also have a lower cost per km while the 
ERS vehicle has a higher cost per km.  
 
The main reasons for why the ERS vehicle is not profitable are shown in the break-even analysis in 
Chapter 5.4. It is clear that the large investment cost for the infrastructure is split over too few users on 
the road, which largely is due to the too low intensity of vehicles on the road. As shown in Table 16, the 
needed percentage of ERS users on the road in order to break even in the distribution case is 178%. Not 
only does the percentage actually using the ERS have to increase, but also the amount of vehicles driving 
on the road. Other alternatives to break even in the Distribution Case are that the infrastructure 
investment is lowered by 72%, or that the government finances 79% of the infrastructure investment cost. 
The last mentioned alternative is more likely, and could be motivated by the government wanting to 
reduce CO2 emissions.  
 
The comparison between different vehicles in the Long-Haulage Base Scenario is shown in Figure 53. For 
the Long-Haulage in the Base Scenario, the ERS vehicle shows the lowest cost per km, 8.72% lower than 
for the conventional vehicle.  
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Figure 53: The hybrid vehicle and the ERS vehicle both have a decreased energy usage, decreased emissions of CO2 and a 
decreased cost per km compared to the conventional vehicle in the Long-Haulage Case.  
 

Since the ERS vehicle is already profitable in the Long-Haulage Case, the break-even table, Table 16, 
shows how much the costs for the users can increase until the other kind of vehicles are more profitable. 
The frequency of trucks on the road is so large that the percentage of trucks using the ERS can decrease 
to 27%. The infrastructure cost can increase by 86%, the electricity price can increase 51% or the diesel 
price can decrease by 17% in order to reach break even where the ERS vehicle has the same cost as the 
conventional vehicle per km. The users’ part of the infrastructure costs can increase with 85%. Interesting 
to note is also that the user’s share of the total cost can increase to more than 100% (to 139%), meaning 
that the owner of the ERS can charge a premium price for using the system. Together with CO2 emissions 
being decreased by 43.6% when using the ERS vehicle instead of the conventional vehicles, this creates 
strong incentives for an ERS for the Long-Haulage in the Base Scenario.  
 
As can be seen in Figure 54, the hybrid vehicle has the lowest price per km in the Mining Case. The ERS 
vehicle is 12.5% more expensive than the conventional vehicle. There are multiple parameters that can be 
changed in order for the ERS vehicle to break even. These include the decreasing of the user’s cost share 
for infrastructure with 47%, 28% more expensive diesel prices or 93% of the vehicles using the road. 
Especially the last parameters change is very likely to happen. This is due to the fact that mining vehicles 
often drive in a closed system, with the same company owning all the vehicles. If an ERS is to be built on 
such a road, it is therefore very likely that all or almost all of the trucks would use the ERS.  
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Figure 54: The hybrid vehicle and the ERS vehicle both have a decreased energy usage and decreased emissions of CO2 
compared to the conventional vehicle in the Mining Case. The hybrid vehicle does also have a lower cost per km while the 
ERS vehicle has a higher cost per km.  
 
It should be noted that the reason that the hybrid vehicle is less expensive per km than the conventional 
vehicle in every case is due to its value-based pricing.  
 
In all the three cases, the environmental gain is major. The break-even analysis shows that the CO2-
emissions generated from electricity production could increase with around 500% (491%, 513% and 
555%) and still have lower emissions than the conventional vehicle case. 
 

8.2 Discussion of Scenarios 
 
In Scenario 1, there are large amounts of available oil but the government chooses to support ERSs. The 
ERS is profitable for the Long-Haulage Case. Therefore it can be said that even if there is no shortage of 
oil in the future (and therefore not increased diesel price), ERSs can still be implemented for long-haulage 
if the government pays half the infrastructure cost and pays 25% of the cost for an additional hybrid 
system in the hybrid trucks.  
 
In Scenario 2, there is a shortage of oil, which increases of the diesel prices by 25%. Together with the 
government also supporting ERS, the results show that ERS vehicles are profitable in two of three cases. 
Hence, the ERS’s profitability is driven both from governmental support and market forces. However, the 
electricity price also increases by 50%. It is interesting to note that even as the electricity price increased 
more (percentage wise) than the diesel price, this give only a little effect on the results. Also, the whole 
route is electrified and not only the most profitable parts of the route. This drives up the price for 
infrastructure along the road, and lowers the emissions. The emissions are lowered with as much as 70.8-
83.0% for the different cases, which can be compared to 38.9-62.2% in the Base Scenario. A result from 
Scenario 2 is therefore that there can be great CO2-emission decreases by building ERSs on larger parts of 
the roads. This is a trade-off between optimizing economic and environmental benefits. However, in the 
Mining Case, the hybrid vehicle alone (not using ERS) is still more profitable. Taking into account the 
learning from the analysis of the break-even points, however, the ERS vehicle is more profitable than the 
hybrid alone if a greater percentage of the trucks on the road use the ERS.  
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In Scenario 3, there are large resources of oil available and the government is not interested in supporting 
ERSs. Instead, the whole society is searching for short-sighted solutions, resulting in shorter payback 
times on investments and increased interest rates. The ERS vehicle is not profitable in any case, showing 
that the ERS does not have a future in a shortsighted world. There is however a small incremental change 
being made that trucks use more biodiesel, causing the CO2 emissions from diesel to decrease by 20%. 
The CO2 emissions are still reduced a lot when using ERSs. An interesting result from this is therefore 
that ERSs is associated with much lower emissions, and that very large percentages of biodiesel are needed 
in order reach the same low emission levels as when using ERSs.  
 
In Scenario 4, there is a lack of cheap diesel available but the government does not want to support ERSs. 
Due to these market forces, the ERS is profitable in the Mining Case and in the Long-Haulage Case. It is 
an interesting result that even if the users have to pay for the whole ERS, it can still be profitable if the 
price of diesel increases. There is an overall lack of resources in Scenario 4, driving up the price also for 
ERS investment and electricity. It is therefore interesting to note that the ERS could succeed in a future 
that has a shortage of multiple resources. The emissions from electricity generation are increased with 
50% in Scenario 4. However this does not affect the results very much, as an emission reduction of 35.5-
55.8% is obtained by switching from diesel vehicles to ERS vehicles in Scenario 4.  
 
8.3 Discussion Haulage Contractor Companies 
 
As described in Chapter 2.3.1 haulage contractor companies have low margins, around 2-3%. Because of 
the low margins in the haulage contractor company business, decreased energy costs is the outcome from 
ERSs that would generate the most value for the haulage contractor companies. The haulage contractor 
company market is divided into multiple sections, where many companies use intermediate companies 
(taking in orders and dividing the jobs between multiple haulage contractor companies). Using an 
intermediate or not does however not influence the incentives for reduced energy costs, since the energy 
costs are usually paid by the haulage contractor company itself. How much of the total costs that are made 
up of energy (diesel) costs vary between different kinds of haulage contractor companies. For long-
haulage companies it is around 1/3 of the total energy cost, whilst it is only around 11% for local 
distribution company. This is reflected in the results of this thesis, which show that ERSs are profitable 
for long-haulage companies in both the Base Scenario and in three out of four alternative future scenarios. 
For local distribution, however, ERSs does not show profitability in any of the scenarios. The diesel costs 
are related to the driven distance each year for different types of routes. A local distribution truck drives 
approximately 40,000-45,000 km per year, whilst a long-haulage truck drives around 170,000 km per year. 
The mining truck examined in this thesis drives around 250,000 km per year. The weight of the trucks also 
has a large influence on the energy costs. The distribution truck weights 20 ton, the long-haulage truck 40 
ton and the mining truck 90 ton. This shows that the higher initial energy costs, the more savings can be 
reached through ERSs.  
 
It is however shown in the results that the Long-Haulage Case is profitable in more scenarios than the 
Mining Case. The Mining Case has the heaviest vehicle and it drives the most km per year. The 
explanation for the Long-Haulage Case being more profitable than the Mining Case is that long-haulage 
routes tend to have much larger traffic intensities, and therefore more trucks to spread the infrastructure 
investment on. From a haulage contractor company’s perspective it is therefore important not just to look 
at the vehicle’s weight and driven km per year, but also at the traffic intensity on its routes. For haulage 
contractor companies to start using ERSs, governmental support is probably needed (at least initially) for 
both distribution, long-haulage and mining. Seen from haulage contractor companies’ perspective, the 
Long-Haulage Case and the Mining Case are associated with potential cost savings for many scenarios, 
whilst the Distribution Case would need very large governmental support in order to attract distribution 
haulage companies.  
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8.4 Discussion Sustainability 
 
Throughout this thesis, subjects directly or indirectly regarding sustainability are addressed many times. If 
ERSs is to be a sustainable solution, it is required that ERSs can be environmentally, socially and 
economically sustainable. In this part of the discussion, the perspective is broadened from just haulage 
contractor companies’ perspective into a societal perspective.  
 
In order for ERSs to be socially sustainable, the ERSs must be well-integrated in society. The 
dependability of the system should be high, why it is important that ERSs for example have sufficient 
electricity deliveries. As described in Chapter 2.2.4, the delivery security of electricity in Sweden is very 
high. Also, in order to be socially sustainable, the ERS electrical safety must be high. As described in 
Chapter 2.2.4 the electric safety of an ERS in Sweden is likely to have low risk. However, this area is 
recommended for future research. In total, the social sustainability is valued as high. As shown in the 
previous parts of the discussion, 8.1-8.3, economic sustainability can be attained for long-haulage routes 
and possibly also for mining routes. As described in 1.1 ERSs have potential to increase the environmental 
sustainability for the whole society. The rest of the sustainability discussion regards the quantifications of 
these environmental savings and an analysis of these.  
 
Figure 55 shows the CO2 emissions from only conventional vehicles using the Distribution Case road, in 
comparison with four different variations of ERS usages and constructions. One of them is a best-case 
scenario, in which the total distance has an ERS and all the vehicles (100%) use an ERS.  
 

 
Figure 55: The figure shows the emissions of CO2 that all vehicles on the Distribution Case route generate during a year. 
The figure is based on Table 11. The emissions from the conventional vehicle are compared with the emissions from different 
ERS cases. The ERS cases vary in slope requirements and percentages of trucks using ERS. 
 
In the Base Scenario in the Distribution Case there is a CO2 emission reduction of 3100 tons of CO2, 
compared to only using conventional vehicles. This corresponds to a decrease of 31.1%. Seen from a 
societal perspective, this is a great environmental improvement. Also, the local air quality is improved due 
to lowered air pollutions. 
 
Figure 56 shows the CO2 emissions from only conventional vehicles using the Long Haulage Case road, in 
comparison with four different variations of ERSs. 
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Figure 56: The figure shows the emissions of CO2 that all vehicles on the Long-Haulage Case route generate during a year. 
The figure is based on Table 13. The emissions from the conventional vehicle are compared with the emissions from different 
ERS cases. The ERS cases vary in slope requirements and percentages of trucks using ERS. 
 

For the Long-Haulage Case’s Base Scenario there is a CO2 emission reduction of 39,000 tons of CO2, 
compared to only conventional vehicles. This corresponds to a decrease of 21.8%. Even if the percentage 
change is less than it was in the Distribution Case, the absolute value of saved tons of CO2 emissions is 
much higher in the Long-Haulage Case. Even if the Base Scenario for the Distribution Case has a larger 
distance of the route that has an ERS, the CO2 emission reduction in tons is still only a tenth of the 
emission reductions in the corresponding Long-Haulage Case (3,100 tons compared to 39,000 tons). The 
large CO2 reduction in the Long-Haulage Case is largely due to its high traffic intensity, combined with the 
longer distance.  
 
Figure 57 shows the CO2 emissions from only conventional vehicles using the Mining Case road, in 
comparison with four different variations of ERSs. 
 
In the Base Scenario in the Mining Case there is a CO2 emission reduction of 3,400 tons of CO2, 
compared to only conventional vehicles. This corresponds to a decrease of 19.4%. It is interesting to note 
that even though the Mining Case has much higher CO2 emissions during a year than the Distribution 
Case, 17,600 tons compared to 9,970 tons, the CO2 emission reduction is almost the same (3,400 tons 
compared to 3,100 tons). The explanation for this is that the slope requirement results in different 
percentage of the roads having ERS in the different cases. The slope requirement is used because of 
economic optimization and not environmental optimization. For the Distribution Case, approximately 
51.7% of the road has an ERS, whilst only 29.8% of the Mining Case has an ERS.  
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Figure 57: The figure shows the emissions of CO2 that all vehicles on the Mining Case route generate during a year. The 
figure is based on Table 15. The emissions from the conventional vehicle are compared with the emissions from different ERS 
cases. The ERS cases vary in slope requirements and percentages of trucks using ERS. 
 
A more fair comparison between the different cases can be made by looking at the best-case, for which all 
vehicles are using an ERS and in which ERSs are constructed for the full distance of each route. In the 
best-case scenario for the Distribution Case the CO2 emissions decrease with 8,270 tons of CO2. This 
represented a decrease as high as 83.0% compared to only conventional vehicles. For the Long-Haulage 
Case the best-case scenario reduced the corresponding CO2 emissions with 77.7%, lowering the total 
emissions with 139,100 tons every year. Even if the percentage change is smaller, the total emission saving 
is much higher. The best-case scenario for the Mining Case saves 11,730 tons of CO2, corresponding to a 
66.7% reduction compared to only using conventional vehicles. The best-case values for all the cases show 
the great potential that ERSs have to enable a more environmentally sustainable society. Also when 
looking at the lowest emission savings, a reduction of 19.4% in CO2 emissions in the Base Scenario in the 
Mining Case, this is still a great environmental improvement. Apart from showing the potential of ERSs as 
environmentally sustainable, lowered emissions also adds to social sustainability since local emissions and 
pollutions are reduced. 
 

8.5 Discussion Validity and Reliability 
 
Reliability describes the transparency in how the study has been carried out, and validity describes how 
trustworthy the in-parameters for the study are and how trustworthy they have been used. (Collis & 
Hussey, 2009) In this study, the transparency is estimated as high, since the whole study and model are 
described in depth. Small parts of the model are not described comprehensive, due to Scania’s privacy 
regulations. These include details about engine efficiency and battery usage strategies. This is estimated to 
have a low influence on the reliability, since it is only a very small part of the model that is affected and 
since these parts are not very important for the overall understanding of the model. The reliability of this 
thesis is therefore estimated as high. The validity is harder to estimate, especially since the results describe 
future scenarios. Most in-parameters are valued as reasonable. However, the amplitude data for the 
Distribution Case had some extreme values that lowered the validity. As an additional example, it is hard 
to foretell the electricity price in 2020, which decreases the validity. However, a large effort was put into 
modelling the average electricity price for around 2020, which increases the validity. Therefore, the validity 
is estimated as relatively high, given the knowledge of today.  
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9 Conclusion 
 
An overal conclusion that can be drawn is that electric road systems, ERSs, have potential for certain 
cases and future scenarios. The ERS for the Distribution Case is not profitable in any of the tested 
scenarios. Instead, the hybrid vehicle (without the ERS) showed positive results in all scenarios. This can 
be generelised into a broader context and said that due to the many starts and stops in a typical 
distribution route, a hybrid system have potantial. In the Long-Haulage Case, an ERS is profitable in the 
Base Scenario and in three out of the four future scanarios. This is largely due to the high frequencies of 
trucks on the road, which makes the investment cost split out over many vehicles. Therefore, ERSs can be 
said to have a great potential for Long-Haulge vehicles. For the Mining Case, the ERS is in many scenarios 
just above or just below profitable. However, if assuming that almost all trucks in a mining system would 
use the ERS (which is considerad a fair assumption since it often is a closed system with one owner of all 
trucks) the ERS could at many times be profitable. The CO2 emissions are reduced in every case in all 
scenarios when switching from a conventional vehicle to a hybrid or an ERS vehicle. 
 
However it is important to note that the price for the hybrid system is set by value-based pricing, making 
the hybrid vehicle profitable in all cases in the Base Scenario. It can not be taken for granted that the 
vehicle manufacturers manage to produce the hybrid system at such low cost already in year 2020.  
 
The results from the future scenarios show that ERSs can be implemented through either market based 
forces or governmental support. If diesel price increases, ERSs can be built by non-governmental 
investors and the users can pay off the infrastructure investment. However if the energy prices do not 
drive ERSs, governmental support is needed.  
 
Seen from a haulage contractor companies’ perspective in Sweden, ERSs have potential especially for 
long-haulage and mining businesses. If the government were to support the construction of an ERS for 
distribution trucks this would serve more as a representation of an ERS than a profitable system, as shown 
by the results in this thesis. Due to decreased emissions, however, ERSs would benefit society as a whole. 
Hence, ERSs have the potential to be environmentally, socially and economically sustainable for long-
haulage cases and likely also some mining cases.  
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10   Recommendations for Future Work 
 
Multiple interesting areas for further research have been identified. One of these is the area of maximum 
power outtake in an electric road system, ERS. There can be a maximum power outtake for example at 
hilly roads where many vehicles occupy a section at the same time. A rough estimate calculation was made 
to see that this did not happen very often in the modelled cases. However, the area of how often 
maximum power outtakes take place is recommended to be studied further. This area is closely related to 
the dimensioning of the system. Research is needed on whether the system should be dimensioned after 
the largest power outtake, or at an optimal level of power outtake (that can handle for example 90% of the 
power outtakes). Further studies are needed on how to deal with power peaks. One alternative that 
hopefully is technologically possible is that the vehicles that enter a section that is already heavily loaded is 
that these vehicles need to turn on their combustion engine, whilst the vehicles already in the section can 
continue to use the ERS. In the event of queues, the vehicles might need slot times on when to start. Also 
here future research is needed.  
 
The area of electric safety needs further studies, so that the risk of high voltages and roads get evaluated 
and precautions can be made. Studies are also needed on to which extent ERSs influence the availability 
for special transports (such as transports of wind power plant components). Additional studies are also 
needed to compare different routes and kind of traffic through a well to wheel-analysis on the diesel- and 
electricity production, examining the greenhouse gases emissions that the production generates.  
 
This thesis assumes that the combustion engine only uses diesel with 5% bio diesel content. An area for 
further research is to look more at a potential higher content of bio diesel when using the combustion 
engine.  
 
Further research is also needed within some of the technology limitations of this thesis, such as taking into 
consideration the increased temperature in the electric machine when working at power levels in the 
hybrid.  
 
If electric roads are to become reality, more in depth research is needed within the area of needed law 
changes and potential business models. One specific example of this is that this thesis calculates the cost 
per km for using the ERS. Research is therefore needed on how to know the travelled km for each 
vehicle, or to suggest alternative methods to divide these costs.  
 
 
 
 
 
 
 
 
 
  



 
 

123 

  



 
 

124 

 

List of References 
 

Öman, J. (2013 26-April). Development Engineer, Scania. (E. Edfeldt, Interviewer) 

Agfors, G., Borgström, H., Frank, H., Giertz, E., Högberg, L., Kasemo, B., et al. (2012). Energi – möjligheter 
och dilemman. Kungliga Vetenskapsakademin (IVA). 

Alaküla, M. (2013). Hybrid Vehicles, the Plug In and the Slide In Hybrid. Retrieved 2013 2-May from 
http://www.etcab.se/dokument/lunds_tekniska_hogskola_mats_alakula.pdf 

Alstom. (2013). Nice: In harmony with the town’s architectural heritage. Retrieved 2013 2-May from Alstom: 
http://www.alstom.com/transport/news-and-events/events/archives/1000th-citadis/focus-on-
cities/Nice/ 

Alt, B., Antritter, F., Svaricek, F., & Schultalbers, M. (2013). Multivariable speed synchronisation for a 
parallel hybrid electric vehicle drivetrain. Vehicle System Dynamics: International Journal of Vehicle Mechanics and 
Mobility , 51 (3), 321-337. 

Andersson, D., Anners, C., Nilsson, L., Svensson, E., Kadic, Z., Sahlin, M., et al. (2013). Långsiktsprognos 
2012. The Swedish Energy Agency. 

Andersson, P. (2013 18-March). Vägbelysning i Sverige AB. (E. Edfeldt, Interviewer) 

Andersson, R. (2012). Online Estimation of Rolling Resistance and Air Drag for Heavy Duty Vehicles. Stockholm: 
KTH. 

Asplund a, G. (2013 6-February). Founder of Elways. (S. Andersson, & E. Edfeldt, Interviewers) 

Asplund b, G. (2013 7-May). Founder of Elways. (E. Edfeldt, Interviewer) 

Basshuysen, R. v., & Schäfer, F. (2004). Internal Combustion Engine Handbook. Warrendale: SAE 
International. 

Bergman, S. (2011). Elvägar - En studie om elförsörjningen för landsvägsbaserad trådbunden transport. Elforsk. 

Berndtsson, A. (2013 28-March). Strategic Development at the Swedish Transport Administration. (S. 
Andersson, & E. Edfeldt, Interviewers) 

Biedermann, N. (2002). Järnvägens elmatning. Stockholm: KTH. 

Biedermann, N. (2013 22-March). Swedish Transport Administration. (E. Edfeldt, Interviewer) 

Boding, H. (3. April 2013). Responbible for Environmental Questions at Post Nord Logistics. (S. 
Andersson, & E. Edfeldt, Interviewere) 

Broussely, M. (2010). Battery Requirements for HEVs, PHEVs and EVs: An Overview. In Electric and 
Hybrid Vehicles (pp. 305-345). Oxford: Elsevier. 

Challen, J. (2012). Motion Picture. Electric & Hybrid Vehicle Technology International , 33-38. 

Collis, J., & Hussey, R. (2009). A practical guide for undergraduate and postgraduate students, Business Research. New 
York: Palgrave Macmillan. 

Covic, G. A., Boys, J. T., Kissin, M. L., & Lu, H. G. (2007). A Three-Phase Inductive Power Transfer 
System. IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 54, NO. 6 , 3370-3378. 

Dahlquist, H. (October 2012). Asea satte världsrekord för elbil. NyTeknik , s. 52-53. 

Ekonomifakta. (27. October 2010). Elkonsumentens del i elcertifikatsystemet. Hentede 22. May 2013 fra 
Ekonomifakta: http://www.ekonomifakta.se/sv/Artiklar/2010/Oktober/Elkonsumentens-del-i-
elcertifikatsystemet/ 



 
 

125 

Elways a. (2013). Vanliga frågor. Retrieved 2013 2-May from Elways: http://elways.se/vanliga-fragor/ 

Elways b. (2013). Problem att lösa. Retrieved 2013 2-May from Elways: http://elways.se/problem-att-losa/ 

Elways c. (2013). Om Elways. Retrieved 2013 2-May from Elways: http://elways.se/om-elways/ 

Elways d. (2013). Teknik för matning. Retrieved 2013 2-May from Elways: http://elways.se/teknik-for-
matning/ 

Energy Committee. (2013). Biodrivmedel — nu och i framtiden. Stockholm: Kungliga Vetenskapsakademien. 

Engström, J. (2013 2-May). Research Engineer, Scania. (E. Edfeldt, Interviewer) 

Frank, H. (2013 7-March). Kungliga Vetenskapsakademin and Svenska Elvägar. (S. A. Edfeldt, 
Interviewer) 

God El. (2013). Elpris. Hentede 22. May 2013 fra God El: http://www.godel.se/prisvart-billig-elpris-
berakning-%20sjalvkostnadspris-rorlig-elpris 

Government Offices of Sweden. (2012 21-Mars). Fossilfria transporter - vägen till ett långsiktigt hållbart samhälle. 
Retrieved 2013 25-Mars from Government Offices in Sweden: 
http://www.regeringen.se/sb/d/15728/a/189070 

Government Offices of Sweden. (2009). Government Offices of Sweden's proposition 2008/09:162 En 
sammanhållen klimat- och energipolitik. Stockholm: Government Offices of Sweden. 

Granath, K. (2011 17-October). Elmarknaden del 5 – Elpriset och dess utveckling. Marginalprissättning via utbud 
och efterfrågan. Retrieved 2013 15-May from Aktiefokus: http://www.aktiefokus.se/2011/10/elmarknaden-
del-5-elpriset-och-dess-utveckling-marginalprissattning-via-utbud-och-efterfragan/ 

Høyer, K. G. (2008). The History of Alternative Fuels in Transportation: The Case of Electric and Hybrid 
Cars. Utilities Policy , 16 (2), 63-71. 

Heierson a, T. (2013 14-May). Sveriges Åkeriföretag Region ABC. (E. Edfeldt, Interviewer) 

Heierson b, T. (12. March 2013). Sveriges Åkeriföretag. (S. Andersson, & E. Edfeldt, Interviewere) 

Henke, M. (15. March 2013). The Swedish Energy Agency wihin Transportation. (S. Andersson, & E. 
Edfeldt, Interviewere) 

Holm, P., & Rydstedt, T. (2010). Miljövärdering av energianvändningen i ett fastighetsbestånd. Västerås: Sabo. 

Holmdahl, S. (2013). Development Engineer, Scania. (S. Andersson, & E. Edfeldt, Interviewers) 

Husain, I. (2011). Electric and Hybrid Vehicles, Design Fundamentals, Second Edition. Boca Raton: Taylor & 
Francis Group. 

IA-HEV. (2012). Hybrid and Electric Vehicles, the Electric Drive Captures the Imagination. IEA. 

Knutas, P.-O. (2013). Hybrid Trucks on the Way. Hentede 22. April 2013 fra Scania Group: 
http://www.scania.com/%28S%28g10dmk552xtr5m45jue1vkjj%29%29/media/feature-
stories/technology/hybrid-trucks-on-the-way.aspx 

Lee, S., Park, C., Cho, G.-H., Huh, J., Choi, N.-S., & Rim, C.-T. (2010). On-Line Electric Vehicle using 
Inductive Power. Seoul: KAIST. 

Lehmann a, D. M. (2013 13-May). Infrastructure & Cities Sector, Siemens AG. (E. Edfeldt, Interviewer) 

Lehmann b, M. (22. May 2013). Dr. at Siemens Infrastructure & Cities Sector. (E. Edfeldt, Interviewer) 

Lindström, J. (2013 2-May). Expert Engineer. (S. Andersson, Interviewer) 

Lorico, A., Taiber, J., & Yanni, T. (2011). Inductive Power Transfer System. Greenville: Clemson University 
International Center for Automotive Research. 



 
 

126 

Lukic, S. M., Saunders, M., Pantic, Z., Hun, S., & Taiber, J. (2010). Use of Inductive Power Transfer for Electric. 
IEEE. 

Mellgren, E. (October 2012). Hämtar kraft från ovan. NyTeknik , s. 50-51. 

Myrbäck, M. (15. March 2013). Haulage Contractor Company for Bring. (S. Andersson, & E. Edfeldt, 
Interviewere) 

Nasdaq Omx. (21. May 2013). Market Summary. Hentede 24. May 2013 fra Nasdaq Omx: 
http://www.nasdaqomx.com/commodities/markets/marketprices/marketsummary/ 

Nilsson, C. R. (2013 29-April). Working at WSP, Researcher within the field of stakeholders within electric 
roads. (S. Andersson, & E. Edfeldt, Interviewers) 

Nordqvist, A. (2013 6-March). Svenska Elvägar. (S. A. Edfeldt, Interviewer) 

Projektengagemang Energi & Klimatanalys for Svenska Elvägar AB. (2011). Utveckling av aktiv strömavtagare 
för tunga fordon. Svenska Elvägar AB. 

Ranch, P. (21. Mars 2013). Projekt Engagemang and Svenska Elvägar AB. (S. Andersson, & E. Edfeldt, 
Interviewere) 

Ranch, P. (2010). Trådbussar och trådlastbilar. Stockholm: Elforsk. 

Rydh, S. (2013 12-April). Vattenfall BU Eldistribution. 

Scania. (2013). Data provided by Scania. 

Scania. (4. July 2012). Electric truck for alternative ore transportation. Hentede 28. May 2013 fra Scania 
Newsroom: http://newsroom.scania.com/en-group/2012/07/04/electric-truck-for-alternative-ore-
transportation/ 

Sebestyen, R. (2013 10-April). Project Coordinator Slide-In. Slide In-teknik för kontinuerlig överföring av energi 
till elektriska fordon . Örebro: http://ledung.net/presentations/. 

Sidén, J. (2013 11-April). Energimarknadsinspektionen. (E. Edfeldt, Interviewer) 

Siemens. (2012). Into the future - with eHighway. Retrieved 2013 25-Mars from Siemens: 
http://www.mobility.siemens.com/mobility/global/SiteCollectionDocuments/en/road-
solutions/eHighway/siemens-ehighway-en.pdf 

Siemens. (2013). The eHighway Concept. Retrieved 2 2013-May from Siemens Mobility: 
http://www.mobility.siemens.com/mobility/global/en/interurban-mobility/road-solutions/electric-
powered-hgv-traffic-eHighway/the-ehighway-concept/Pages/the-ehighway-concept.aspx 

Sponton, O. (2013). Expert Engineer, Scania. (S. Andersson, & E. Edfeldt, Interviewers) 

Statistics Sweden. (2013). Eltillförsel i Sverige efter produktionsslag. Retrieved 2013 йил 21-May from Statistiska 
Centralbyrån: 
http://www.scb.se/Pages/SSD/SSD_SelectVariables____340487.aspx?px_tableid=ssd_extern:EltillfM&r
xid=42c5e258-8cc8-47f8-ac4a-d0858d4540da 

Sundelin, T. (2011). Fordonssystem för Elvägar, elrapport Elvägar. BAE Systems Hägglunds. 

Sweden, G. O. (2007). Förordning (2007:215) om undantag från kravet på nätkoncession enligt ellagen (1997:857). 
Retrieved 2013 17-April from Regeringskansliets rättsdatabaser: http://62.95.69.15/cgi-
bin/thw?%24%7BHTML%7D=sfst_lst&%24%7BOOHTML%7D=sfst_dok&%24%7BSNHTML%7D
=sfst_err&%24%7BBASE%7D=SFST&%24%7BTRIPSHOW%7D=format%3DTHW&BET=2007%3
A215%24 

Swedish Association of Road Transport Companies. (2013). Fakta om åkerinäringen. Swedish Association of 
Road Transport Companies. 



 
 

127 

Swedish Energy Agency a. (2012). Energiläget 2012. Eskilstuna: Statens energimyndighet. 

Swedish Energy Agency b. (2012). Transportsektorns energianvändning 2011. Eskilstuna: Statens 
energimyndighet. 

Swedish Energy Market Inspectorate. (2011). Description of the actors on the electricity and natural gas markets.  

Swedish Energy Market Inspectorate. (2013). Energiskatt på elekrisk kraft. Swedish Energy Market 
Inspectorate. 

Swedish national grid. (2012 24-April). About us. Retrieved 2013 йил 21-March from Swedish national 
grid: http://www.svk.se/Start/English/About-us/ 

Swedish Transport Administration a. (2012). Malmtransporter från Kaunisvaaraområdet och elektriskt drivna 
lastbilar. Borlänge: The Swedish Transport Administration. 

Swedish Transport Administration b. (2012 22-Mars). Transportsektorns utsläpp. Retrieved 2013 25-Mars 
from The Swedish Transport Administration: http://www.trafikverket.se/Privat/Miljo-och-
halsa/Klimat/Transportsektorns-utslapp/ 

Swedish Transport Administration. (2013). Se Sveriges vägar på karta. Hentede 28. May 2013 fra 
Trafikverket: https://nvdb2012.trafikverket.se/SeTransportnatverket 

Swedish Transportation Administration c. (2012). Klimatsmarta val av tunga fordon. Hentede 22. April 2013 
fra Swedish Transportation Administration: http://www.trafikverket.se/Foretag/Trafikera-och-
transportera/Trafikera-vag/Klimatsmarta-val-av-tunga-fordon/ 

Svensk Energi a. (2013). Elmarknaden. Hentede 27. May 2013 fra Svensk Energi: 
http://www.svenskenergi.se/Elfakta/Elmarknaden/ 

Svensk Energi b. (2013 1-January). Elskattens historia 1951 - 2013. Retrieved 2013 4-May from Svensk 
Energi: 
http://www.svenskenergi.se/Global/Dokument/information/Elskattens%20historia%202013.pdf 

Svenska Elvägar a. (2013). Bakgrund. Hentede 28. May 2013 fra Elektriska vägar - Elektrifiering av tunga 
transporter: http://www.elvag.se/blogg/om/bakgrund/ 

Svenska Elvägar b. (2013). Vägen hit. Hentede 28. May 2013 fra Elektriska vägar - Elektrifiering av tunga 
transporter: http://www.elvag.se/blogg/om/vagen-hit/ 

Svenska Petroleum och Biodrivmedel Institutet a. (24. May 2013). Energiinnehåll, densitet och 
koldioixidemission. Hentede 26. May 2013 fra SPBI: 
http://spbi.se/blog/faktadatabas/artiklar/berakningsmodeller/ 

Svenska Petroleum och Biodrivmedel Institutet b. (2013). SPBI - Svenska Petroleum och Biodrivmedel Institutet. 
Hentede 26. May 2013 fra Utveckling av försäljningspris för bensin, dieselbränsle och etanol: 
http://spbi.se/statistik/priser/ 

Svenskt Näringsliv. (2013). CO2-Kalkylatorn. Retrieved 2013 21-May from Klimatkompassen: 
http://www.klimatkompassen.se/kalkylatorn/ 

Tauzia, X., & Maiboom, A. (2013). Experimental study of an automotive diesel engine efficiency when 
running under stoichiometric conditions. Applied Energy , 105, 116-124. 

Tongur, S. (2013). Exploring business models and discontinuous. Stockholm: KTH. 

Vågstedt, N.-G. (2013). Head of Hybrid Development at Scania. (S. A. Edfeldt, Interviewer) 

Westerlund, H. (2013). Infrastruktur för transporter ur ett LCC-perspektiv. Stockholm: KTH. 



 
 

128 

Volvo Group Sverige. (2013). Växande e-handel ökar behovet av transporter. Hentede 25. May 2013 fra 
VOLVO Group Sverige: http://www.volvogroup.com/GROUP/SWEDEN/SV-
SE/VOLVO%20GROUP/WORLDWIDE/EUROPA/PAGES/POSTNORD.ASPX 

Volvo Trucks a. (2013). Energieffektivitet. Hentede 22. April 2013 fra Volvo Trucks Sweden: 
http://www.volvotrucks.com/trucks/sweden-market/sv-se/aboutus/environment/our-trucks-and-
services/Pages/Energy-efficiency.aspx 

Volvo Trucks b. (2013 10-June). Leading the way forward. From Volvo Trucks Global: 
http://www.volvotrucks.com/trucks/global/en-gb/trucks/new-trucks/Pages/volvo-fe-hybrid.aspx 

Wu, B., Lin, C.-C., Filipi, Z., Peng, H., & Assanis, D. (2004). Optimal Power Management for a Hydraulic 
Hybrid Delivery Truck. Vehicle System Dynamics: International Journal of Vehicle Mechanics and Mobility , 42 (1-
2), 23-40. 

Wu, H. H., Gilchrist, A., Sealy, K., Israelsen, P., & Muhs, J. (2011). A Review on Inductive Charging for 
Electric. IEE International Electric Machines &Drives Conference (pp. 143-147). Utah: Energy Dynamics 
Laboratory Utah State University Research Foundation Logan. 

 
 
 
 
 
 
 
 
 
 
 
 
  



 
 

129 

Appendix A 
 

 


