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ABSTRACT 

An increased demand for fossil free transport have led to developments in the area of electric 

vehicles. Many companies and organizations are carrying out projects where electric city buses 

are tested in normal operation, and the result suggests that this can be an option with big 

potential. 

This thesis is carried out at Scania CV AB. The aim is to investigate the total investment cost 

for society when electrifying a complete bus system. It focuses on grid connections for the 

chargers, but battery costs and charger costs are also included. To achieve this, a case study of 

Stockholm is carried out. In the case study, the bus system of Stockholm is investigated, and 

from this three different scenarios are created with three different charging strategies. The first 

scenario includes only charging at the depots, when the bus is parked over the night. The second 

scenario uses end station charging combined with depot charging during the night. From these 

strategies, requirements for the batteries and the charging powers are set. The third scenario, on 

the other hand, starts from a battery available today. From these specifications, a charging 

strategy that includes end stations charging, depot charging as well as charging at selected bus 

stations is chosen in order to cover the demands of the bus system. 

For the three strategies, the possibilities to connect the chargers to the electric grid are 

investigated using data from the distribution grid owner in Stockholm, Ellevio AB. From this, 

conclusions regarding the available capacity and required extensions are made, and the costs is 

investigated. Also, a comparison case study for the small city Mora in Sweden is carried out, 

and a short discussion regarding possibilities in a larger European city is included.  

The result shows that is probably most profitable to charge during the day, at end stations and 

selected bus stations, combined with depot charging. The grid connection cost is a significant 

part of the total costs, and should not be neglected. On the other hand, the total cost is relatively 

small, and electrification is considered possible within a short future. 

Except for the costs included in this thesis, costs related to projecting of the system as well as 

permitting for the new substations should be included. A deeper analysis of the possibilities to 

build new substations within the city region need to be carried out, as well as an analysis of the 

total cost of operation for the electrified system. This should then include the time parameter 

and the lifetime of the components.  
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SAMMANFATTNING 

En ökad efterfrågan på fossilfri transport har lett till stor utveckling inom elektriska fordon. 

Många aktörer genomför projekt där elektriska stadsbussar testas i daglig drift, och mycket 

tyder på att detta är ett alternativ med goda möjligheter.  

Detta examensarbete skrivs i samarbete med Scania CV AB. Arbetet syftar till att uppskatta 

totala investeringskostnaden för samhället vid elektrifiering av ett helt bussystem. Fokus ligger 

på nätanslutning av laddstationerna, men även kostnader för batterier och laddare inkluderas. 

För att uppnå detta har en fallstudie gjorts över Stockholm, där bussystemet kartlagts och tre 

scenarion med tre olika strategier för laddning har jämförts. Scenario 1 innefattar endast 

laddning vid depåerna, medan scenario 2 använder laddning vid ändhållplatserna i kombination 

med depåladdning. För dessa scenarion ställs krav på batterikapacitet samt laddeffekter. 

Scenario 3 utgår i stället från batterier som finns tillgängliga idag, och från dessa specifikationer 

bestäms en laddstrategi som uppfyller bussystemets behov. För dessa tre scenarion har 

möjligheterna att ansluta laddarna till elnätet utretts med hjälp av elnätsdata från Ellevio AB, 

som äger distributionsnätet i Stockholm. Från detta kan slutsatser gällande tillgänglig effekt 

och behov av utbyggnad dras, och kostnaderna uppskattas. Även en jämförande fallstudie för 

Mora, en mindre ort i Sverige med andra förutsättningar, samt en kort diskussion kring hur 

förutsättningarna ser ut i en större europeisk stad, har inkluderats. 

Resultatet visar att det sannolikt är mest lönsamt att välja att ladda under dagen, vid ändstationer 

och eventuellt vid utvalda mellanliggande stationer, i kombination med laddning vid depåerna. 

Nätanslutningskostnaden står för en signifikant del av kostnaderna och bör inte försummas, 

men den totala kostnaden är relativt liten vilket gör att elektrifiering bedöms möjlig inom en 

snar framtid. 

Utöver de kostnader som inkluderats i detta arbete behöver kostnader relaterade till projektering 

och planering av systemet inkluderas, och en djupare analys av möjligheten att bygga nya 

nätstationer bör genomföras. I detta arbete är heller inte livslängden på komponenterna inräknad, 

vilket påverkar totala kostnaden för ägande och drift och alltså påverkar lönsamheten. 
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1 INTRODUCTION 

The transport sector is responsible for 14 % of the emissions of greenhouse gases in the world 

[1], and in Sweden the corresponding value is more than 30 % [2]. The demand for 

environmentally friendly transport is increasing, and alternatives to fossil fuelled vehicles are 

becoming more popular. Several options are available, such as biofuels, ethanol and electricity. 

The increased efficiency and therefore decreased energy consumption for electric vehicles, 

together with the possibility to generate the electricity from renewable sources, make electrified 

vehicles an option with big potential. The noise is also less for electric vehicles which is 

important especially in city centres.  

Electrification of the transport sector faces different challenges for different types of vehicles. 

For trucks used for long distance transportation, the range of the vehicle is very important. 

Batteries with enough capacity need to be very large and heavy, and will therefore lead to 

smaller cargo space and a heavier truck. This gives lower loading capacity as well as very high 

battery costs. For passenger cars, the flexibility of the system is very important. With the limited 

charging infrastructure that exists today, range anxiety is experienced by the drivers, which 

limits the incentives to invest in electric cars for passenger vehicles [3] [4]. At the same time, 

the charging infrastructure for passenger cars is currently in a developing phase. The investment 

cost is high compared to conventional passenger cars, and the flexibility that comes with 

conventional vehicles is often valued more than the possible fuel savings. On the other hand, 

electrified city buses could be one of the first types of vehicles for which electrification is 

motivated from both economic and environmental point of view. City buses are driving with 

relatively low average speed, making many stops and the length of the trip is known and often 

not that long. These are all factors that can make it profitable to use batteries together with a 

well-planned charging infrastructure [5]. 

Many projects with electrified buses are carried out in the world, and in Sweden electric buses 

are tested in several cities. In Europe, the Zero Emission Urban Bus System (ZeEUS) project 

includes demonstrations of different electrical systems for urban buses. Studies have been made 

regarding possibilities to fully electrify complete bus systems, but currently no such system 

exists. The cost for this is hard to predict, and depends on the type of batteries, chargers and 

system design. An estimation for the cost of electrification of the city buses Lund in Sweden 

has been carried out in [6], which includes many parameters and variables. However, the cost 

for connection to the grid is simplified and need to be further investigated.  

For passenger cars, the grid impact when replacing the conventional cars with electrical ones 

have been analysed in several studies [7] [8] [9]. The result varies depending on the grid 

structure of the analysed system, but one main conclusion that can be drawn is that for 100 % 

penetration of electric passenger cars, there may exist a need to regulate when the charging 

occurs in order not to increase the peak loads and losses in the system. For city buses, the control 

limitations will vary depending on the charging strategy that is chosen. When charging during 

operation, the power is needed during rush hour, when the buses are used the most. In this case, 

the possibility to control when the charging is carried out is rather limited. The power levels 

used for charging as well as the total energy need is also different for buses compared to 

passenger cars, and the grid impact from charging buses may therefore not be similar to the 

impact from charging of passenger cars. 
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This report investigates the grid connection costs if all buses in the city centre of Stockholm is 

replaced with electric buses. Different charging strategies are compared and discussed. 

Implementation of electric city buses is also considered in Mora, a small city in Sweden. The 

thesis focuses on the cost for connection to the grid as well as needed reinforcements in the grid 

due to higher power peaks. Other effects on the distribution grid are discussed to some extent. 

The costs for batteries, chargers and other components are also included in the study. 

1.1 Outline 
This first section gives the motivation of this thesis together with the aims and limitations. 

Section II includes background information that is relevant for the project, such as battery 

limitations, power grid structure and charging possibilities. Section III presents the case study 

of Stockholm, with more background about the specific system considered in this report and 

information regarding bus traffic, power grid structure and possible charging infrastructures. 

This section also includes the smaller case study of Mora and a sensitivity analysis regarding 

the energy consumption of the buses. The fourth section gives the results. Finally, section V 

gives the discussion and the conclusions of the work.  

1.2 Aim and Goals 
The aim of this report is to estimate the cost for building a charging infrastructure in order to 

supply the city buses of Stockholm with electricity. Focus is on costs related to the connection 

to the electric grid, and reinforcements or changes needed in the grid in order to maintain the 

stability and reliability. Other costs are included with several simplifications. Different 

strategies for charging is compared and costs related to each of them are included. The goal is 

to show the complete investment cost for the society, in order to show if grid connections are a 

limiting factor or not when electrifying a bus system. 

1.3 Method 
The bus traffic in Stockholm city is described, and the demand for charging infrastructure is 

examined. Without making any changes to the bus system from the fall of 2015, three strategies 

for charging is chosen and applied to the system. From this, selected bus stations are chosen as 

charging stations. The power demand for each station is examined, and the closest substation is 

found. Based on the nominal capacity and the maximal measured load for the substation, 

conclusions are drawn regarding the possibilities to connect the charging station to the 

substation and the need for reinforcements. The related costs for this is then estimated. The 

same procedure is carried out for Mora, and some possibilities and limitations depending on 

bus system and city population are discussed. 

1.4 Limitations 
The bus system in Stockholm city considered in the report is assumed to be operated in the 

same way as it was operated during the fall of 2015 (September to December), and no 

modification or adjustments are made to meet the possible future changes or expansions, or to 

better meet the requirements for electrification. For full electrification of a bus system, the large 

batteries or the additional time at end stations for charging may create a need to invest in extra 

buses in order to carry the same number of passengers. This is not considered in this report. 

Furthermore, the technology considered is in early commercialisation or available within 

approximately 5 years. The cost is therefore estimated to reasonable values within this timespan. 

The different charging technologies are explained briefly but is not included in the project in a 

way that they influence the result, and the cost for the charging stations is assumed dependent 
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only on charging power and location. The effects on the grid is also considered independent on 

the charging technology, and the effects of flicker and harmonics are not included in the cost 

analysis. Dynamic charging is not considered, but could be included in a further analysis since 

it may decrease the total cost. Furthermore, bus stops located outside of the area for which the 

grid structure and load are known in this thesis are assumed to have the same cost as the average 

cost per charger that is calculated. The reason is that there are different grid owners is different 

areas, and only data from the company Ellevio AB was available to use in the study. 

The cost have been simplified when considering batteries and charging stations because of the 

complexity and number of possible types and technologies with different costs. The focus in 

this report is chosen to be on costs related to the grid connection. All costs are considered 

reasonable within 5 years. An estimation of the investment costs are carried out, and no 

consideration is taken regarding the long term cost or operational cost for the system. It is 

assumed that the electric buses can be step-wise introduced in the system, when older 

conventional buses need to be replaced. The investment cost for new electric buses is therefore 

not included in the analysis.  
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2 BACKGROUND 

In this section, background about the project and related topics is presented to provide an 

overview of the current technology as well as the challenges in the area. 

Previous work has been conducted regarding effects on the grid from the integration of plug-in 

hybrid electric vehicles and fully electric vehicles for personal use, and the results varies 

depending on the available power systems as well as the power levels used [7]. The conclusion 

reached in these cases is that there exists a need to regulate when the charging is carried out in 

order to not increase the peak loads and the losses in the system. This is one difference from 

the case of this report, which focuses on buses in city traffic which are needed during certain 

hours, and thus the control of when the charging occurs may be limited. A need to investigate 

the effects and related costs for full penetration of electric buses therefore exists. 

There are several options for fuelling buses. In Stockholm, diesel, ethanol, biogas and biodiesel 

are used for commuting traffic [10]. The development is moving towards including electricity 

in this mix, and already today one route is being tested with electrically driven buses. A first 

step towards electrification can be to use hybrid electric vehicles (HEVs). HEVs combine the 

internal combustion engine (ICE) with the use of electric power generated by the vehicle. It is 

therefore possible to make use of energy from for example braking, which is otherwise lost, 

and reduce the fuel consumption. The next step may be to use plug-in hybrid electric vehicles 

(PHEVs), which can use their ICE but also connect to the grid and charge a battery using power 

supplied from outside the vehicle. The battery can then be used for propulsion. Battery electric 

vehicles (BEVs) use only electricity supplied from outside the vehicle and thus they do not have 

an ICE. In this report, city buses are considered with the aim to run on only electricity, and 

therefore the use of BEVs is assumed. If the bus is to miss one opportunity to charge, the range 

will be decreased and the possibility to reach the next charging station will be influenced. This 

can be due to for example traffic congestion or other happenings that will delay the bus, and 

therefore decrease the available charging time at the end station. To increase the stability of the 

system, PHEVs could be used with the same charging possibilities. On the other hand, PHEVs 

are more complex and expensive, and thus the cost of the system may be increased.  

2.1 Batteries 
The battery is one of the main features of the electric bus, and also one of the most limiting 

components [6]. Batteries for electric vehicles today are based on lithium ion technology. In 

the future, other options may be used but these are not considered in this report since they are 

not expected to be available within the time span considered [11].  

Parameters that need to be considered for the batteries are, 

amongst other, cost, energy density, power density and life 

time [6]. The life time of the battery depends on several 

parameters, of which one is the cycle between charging and 

discharging. State of charge (SOC) is a measurement of the 

level of charge of the battery. A fully loaded battery have 

SOC of 100 %, while a fully discharged battery have 0 %. To 

maintain the life time of the battery, the difference between 

the maximal and the minimal SOC value that is allowed 

should be kept as narrow as possible. This is called the SOC 

window, and is illustrated in Figure 1. The exact size of the 

SOC window is hard to decide, and varies between different 
Figure 1. State of charge (SOC). 
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types of batteries [12]. It is also a compromise between larger energy storage and life time, 

since the full potential of the battery cannot be used with a small SOC window, but with larger 

window the life time of the battery decreases. 

Lithium-ion batteries are all based on lithium-ions travelling between the cathode and anode of 

the battery. However, the cathode and anode material, as well as the electrolyte material 

between them, can consist of different materials that give different properties. Graphite is 

commonly used for the anode [13], and can be combined with hard carbon or graphene. Some 

examples of lithium ion based batteries used for electric vehicles are nickel manganese cobalt 

(NMC), nickel cobalt aluminium (NCA), lithium iron phosphate (LFP) and lithium titanate 

(LTO) [14] [15] [16]. The most common group is based on NMC combined with NCA, and 

differences in how the materials are combined and used give different properties for the 

batteries. Improvements of battery cells are mainly due to small modifications in the chemistry 

and adjustments that allow more energy to be stored in the same cell. The cost per cell is 

predicted to increase slowly, but since more energy can be stored in the cell the cost per energy 

unit will decrease. The battery cells are put together in modules, and several modules form a 

pack. In the pack, control units, cooling and materials needed to form a safe package are 

included. The packs are then put into the vehicles. The batteries are limited in terms of current 

and voltage since the cells can be damaged or destroyed if they are exposed to currents or 

voltages outside of the rated values.  

The charging infrastructure will set requirements for the batteries. When the charging occurs 

less frequent, as only overnight or a few times a day, energy optimized batteries are more 

suitable than power optimized batteries. When the charging frequency increases, for example 

with chargers at every station, the stored energy needed in the battery can be decreased and thus 

the size of the battery can be decreased. On the other hand, the charging power may need to be 

increased due to the short charging time. Charging with high power will decrease the life time 

of the battery significantly, and larger batteries can generally be charged with higher power 

than smaller ones. Between depot charging and station charging, a possibility to charge only at 

end stations or a few stations along the way exists. The resulting conclusion is that depot 

charging will require an expensive battery, while charging at every stop requires many and 

expensive chargers since the power must be high [17]. It is important to consider the fact that 

charging with high power influences the life time of the battery, and it is therefore desirable to 

optimize the charging power towards the battery life time. Also, the same battery allows more 

energy throughput at smaller cycle depth, i.e. if the extracted energy between charging is less, 

the total amount of extracted energy during the lifetime of the battery will be more [17]. The 

power is often discussed in terms of C-rate. The C-rate can be used both when discussing 

charging and when discussing propulsion, and represents the time it takes to charge or discharge 

the battery. When charging at 1C, the battery will be fully loaded in one hour [18]. Increasing 

the C-rate means that the time of charging or discharging will decrease.  

The improvement of battery technology is currently fast, with energy density improved from 

223 Wh/litre in 2012 to 385 Wh/litre today with Samsung cells [11]. The size of the battery 

depends on the desired capacity, and higher capacity requires larger size. The energy density of 

the battery can be approximated to 150 Wh/kg [19], but it is possible that this will be improved 

to almost 200 Wh/kg in 2020 [11]. Normal battery capacity is up to 300 kWh when several 

packs are combined, but this decreases when the battery is used [20]. The end of life for the 

battery can be defined as when the capacity has decreased to 80 % of the beginning of life 

capacity, and depends on the type of battery and how the battery is used. Normal life time of 



   

7 

 

the battery can be approximated to 5 years but depends on many parameters, and may therefore 

vary a lot. One of the most important factors influencing the life time is how the battery is used 

and charged. 

2.2 Charging possibilities 
Charging of the vehicles can be static, stationary or dynamic [21]. Static charging refers to 

charging of a vehicle that is not moving and that is expected to stay in the same position for a 

significant time, as for example when parked in the depot. Stationary charging is also performed 

on a vehicle that is not moving, but in this case the vehicle is stopped for only a short time and 

thus the charging should happen automatically. Dynamic charging on the other hand means that 

the vehicle is charging while it is moving in normal traffic. Dynamic charging is not considered 

in the charging infrastructures suggested in this report. The reason is mainly that the analysis 

and method would differ, and that dynamic solutions are still in a more developing phase. 

Most chargers connect to the low voltage grid at 400 V AC and then uses one or several steps 

with converters and rectifiers, and the applied battery voltage can be up to 800 V DC. The 

current in the connection point will be large for high power. For 200 kW charging, the current 

will be almost 290 A and this is what the fuse must be designed for. A possibility to connect to 

medium voltage grid also exists, but most current chargers uses low voltage connections. The 

chargers designed for connection to medium voltage grid are used for charging with high power, 

and the requirements and design are different compared to chargers for low voltage connections. 

Normally, the power factor for the chargers are close to one resulting in mainly active power 

flows. The charger is thus designed for active power, which is measured in kW. 

The most common ways to transfer power is by conductive or inductive methods [21], which 

will be briefly explained in the following sections together with different charging 

infrastructures and chargers.  

2.2.1 Inductive charging 

Inductive charging transfers power through a magnetic field by the use of two coils of wire that 

are placed close to each other. When applying AC power to one coil, power can be extracted 

from the other one thanks to the magnetic coupling between the coils. The process is illustrated 

in Figure 2. Inductive energy transfer has high efficiency, but when using it for charging 

applications the efficiency may decrease due to constraints in how the coils can be placed. One 

way to increase the efficiency is to increase the 

frequency to tens or hundreds of kHz, which 

makes it possible to transfer up to 95 % of the 

energy for static charging [21]. For dynamic 

charging, the efficiency is lower. Inductive 

charging for static and stationary applications is 

considered to be a mature solution, and 

commercial use has been initiated. With this 

method, power levels up to at least 200 kW are 

possible [21]. Since a magnetic field is induced, 

security related problems may arise. When 

using static charging, methods to increase the 

safety is already implemented while the safety 

during dynamic charging still needs to be 

improved. 

Figure 2. Illustration of inductive charging for buses 

(picture from [55]). 
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2.2.2 Conductive charging 

Conductive charging includes the use of physical connections. This is the most common type 

when using static and stationary systems, and up to 22 kW is common power levels. Conductive 

charging can also be used dynamically, similar to rail electrification. Advantages of the 

conductive system are good efficiency and less exposure to electromagnetic field compared to 

the inductive charging, while disadvantages includes maintenance costs because of the contact 

between conductor and the collector, visual impact and safety issues regarding the exposed live 

wire [21]. According to [5], power levels of 400 kW is possible. This is used in a project with 

ABB in Switzerland, and super capacitors are used to extract the energy from the grid during a 

few minutes in order to not affect the grid when supplying 400 kW to the battery for 15 seconds 

of charging. Even 1000 kW can be possible within a near future, according to the electric bus 

company Hybricon which is currently involved in a project with electric buses in Umeå, 

Sweden, with charging of up to 650 kW [22]. For comparison, Tesla supercharger for passenger 

cars uses 120 kW [23]. In Figure 3, stationary conductive charging as well as dynamic charging 

are shown. 

2.2.3 Charging infrastructure 

Several possibilities to design a 

charging infrastructure are 

available. Depending on how 

often the batteries are chosen to 

be charged, the number of 

chargers will vary as well as the 

needed power levels. Charging 

the batteries only during the 

night, when the bus is in the 

depot, is possible using the 

regular socket and equipment 

already available [12]. The buses 

will then be able to operate as any other bus, with any other fuel, during the day. This is 

illustrated in Figure 4. The impact on the time table and other parameters will be minimal, and 

the system will still be very flexible assuming large enough battery capacity. The challenge 

with this approach is thus the need of sufficiently large batteries, which will increase the weight 

of the bus and decrease the possible number of passengers on the bus. This is an important 

factor since many operators are paid by the number of passengers, and it may require additional 

buses in order to maintain the passenger capacity. Also, the cost of the battery will be very high, 

and batteries with enough capacity for the heaviest operation sequences might not even be 

Figure 3. To the left: Dynamic charging in project Elväg Gälve, which is currently being carried out in Sweden (picture 

from [54]). To the right: stationary, conductive charging of a Volvo bus in Gothenburg, Sweden (picture from [53]). 

Figure 4. Charging only at the depots. The chargers are represented with 

lightnings. 
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available [12]. The second option is to use stationary charging, where the bus charges at all or 

some of the stops along the way as illustrated in Figure 5. The frequency of charging can range 

from only end stop charging to charging at every stop, and is often referred to as opportunity 

charging. Opportunity charging can refer to the fact that the bus can choose whether to charge 

or not, depending on circumstances such as actual stop time or current SOC of the battery. But 

opportunity charging is also used when the "opportunities" are set beforehand, meaning that the 

bus have to charge at the available charging station in order to not drop below the lower SOC 

limit. Depending on the chosen structure, different requirements for the batteries will be set. As 

mentioned in the battery section, charging more often enables smaller batteries but at the same 

time may require higher power. Charging at end stations can therefore be a good and 

economically feasible compromise [17]. The relation between battery size, charging power and 

charging strategy is illustrated in Figure 6. 

 

Figure 6. Illustration of how the battery size as well as the charging power relates to the charging strategy. 

2.2.4 Chargers 

Chargers can be divided into on-board and off-board chargers with uni- or bidirectional power 

flow [24]. Unidirectional chargers can only be used to charge the battery, while bidirectional 

chargers can deliver power back to the grid, for example during peak hours of electricity 

consumption. In this report city buses are considered which will mainly run during peak hours, 

therefore only unidirectional chargers are included. Bidirectional chargers would also set new 

requirements for the batteries.  

On-board chargers allows the user to charge the battery anywhere a suitable power outlet is 

available. These chargers are limited in power levels due to the requirement of low weight and 

space as well as cost limitations because of the need to invest in one charger for each bus. On-

Figure 5. Opportunity charging, with chargers in the depot as well as at selected bus stations. The chargers 

are represented with lightnings. 
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board chargers can therefore be used for overnight charging, but is, in most cases, not suitable 

for opportunity charging during operation. Here, off-board chargers are needed, which allows 

for greater size, higher power levels and smaller costs, but with the disadvantages of the lower 

flexibility that goes with locating the charger in a specific place. Siemens are stating that the 

service life of their charging stations is around 20 years for off-board chargers [25], while no 

number has been found for on-board chargers. It is however reasonable to assume that the 

service life of the on-board charger is designed to be equal to the life time of the bus, which is 

normally around 10 years. 

The cost of the chargers depends on the charging technology, and currently inductive chargers 

have higher cost than conductive chargers. A reasonable cost for an inductive charger with 

capacity to transfer up to 200 kW can be estimated to 3 MSEK, including on-board pick-up 

system and power electronics [6]. The corresponding cost for a 300 kW conductive charger can, 

according to the same reference, be estimated to 1.5 MSEK. In this project, the grid connection 

cost is separated from the charger cost. 

2.3 Bus system operation 
The development of a public transport system often starts with the state or community 

identifying a need or desire to improve, change or add parts of the system [26]. A public 

transport authority (PTA) will then identify the exact travel demands of the new system, in 

terms of for example number of passengers and the travelled path. This is then tendered to an 

operator, either private or public, which will be the company operating the daily traffic. The 

operator is the one responsible that all the demands from the PTA will be fulfilled, and the 

revenue for the operator can be based on for example numbers of passengers or the delivered 

quality, such as satisfied passengers or performed traffic. The operator can also be penalized if 

traffic is cancelled or delayed. These fees are often high, and the operator will of course avoid 

them as far as possible. The operator is the player responsible for planning and optimization of 

the system, since this will influence their profit. The buses is therefore operated in order to 

minimize the driven distance without passengers and to minimize the maintenance and repair 

costs. An optimized system often means that buses are used on different routes on different 

days or different parts of the day. This is due to the fact that all buses should be exposed to the 

same wear, which means that the total distance driven by the buses every year should be as 

equally divided amongst the vehicles as possible. Therefore, all buses must be designed to be 

able to operate on all routes, except for routes with special demands. When the operator have 

planned the traffic and specified their needs, a vehicle supplier is contacted which will deliver 

vehicles to the operator. The supplier will be chosen based on for example vehicle price, life 

cycle cost, uptime agreements and warranties. The described procedure for planning public 

transport assumes an unregulated market. If the market is regulated, both the operator and the 

supplier will be part of the process in parallel, and it is therefore the PTA that states the 

requirements for the vehicles as well. In Europe, both regulated and unregulated markets exist 

and in Sweden the market is unregulated. 

2.4 The electric power system 
The electric power system can in a simplified way be said to consist of power plants, which are 

generating electricity; transmission lines, that transfers the power to the consumers; and 

consumers, which use the generated electricity. The transmission from generating power plant 

to end consumers is carried out through substations with different voltage levels. To convert 

between these voltage levels, transformers are used within the substations. The high voltage 

level, from 220 kV and above, is called transmission grid and is in Sweden owned by Svenska 
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Kraftnät. The medium and low voltage grid is called distribution grid, and is owned by different 

operators in different areas. The medium voltage grid can also be called subtransmission grid. 

The low voltage grid is where most end consumers are connected, at 400 V, but some industry 

consumers might be connected at higher voltages.  

In Stockholm, the distribution grid is owned by the company Ellevio AB, which was previously 

a part of Fortum. Some other companies also have the possibility to own substations within the 

area, and parts of the grid connected to that station. An example is SL, Stockholms Lokaltrafik 

(public transport authority in Stockholm), which owns the grid to which some railway stations 

are connected. 

Due to new electricity generation strategies and new technologies, the power system is currently 

in a developing phase. With increased demand for fossil-free energy sources, the renewable 

energy share is increasing. This includes wind- and solar power, which are both intermittent 

sources and therefore creates the need of more regulating power and generation control in order 

to always balance generation and consumption. A deviation between generation and 

consumption will influence the grid in terms of power quality, as for example deviations in 

frequency or voltage. It is important to maintain the frequency and the voltage as close to 

nominal values as possible, since too large deviations can cause damage of equipment or grid 

components. The grid should be designed to be able to supply for a power consumption well 

above the peak value of the load in order not to jeopardize the stability of the grid during peak 

hours. However, sometimes it is more feasible to have smaller margins and then disconnect 

customers if the power demand gets too high. This is the case in many countries, but in Sweden 

disconnection of costumers is very rare [27]. Other problems that can occur on distribution level 

are changes in power flows or overloading of distribution feeders [28]. The distribution grid is 

designed in order to transfer power from the producers to the consumers, and increased small-

scale generation in the distribution system can affect the direction of the power flows. This is 

one of the challenges of the future grid. 

When replacing the traditional bus system in a city with an electric system, considerations 

regarding the possibilities and constraints of the power grid have to be made. Connection of the 

chargers to the grid can be made through substations in the distribution grid. These connection 

points are designed to transfer a certain power, and the maximal power level cannot be exceeded 

without risking damage of the station. The substations are designed for both active power, P, 

and reactive power, Q. The load is therefore given as apparent power, which is the magnitude 

of the complex power, S, defined as in (1). The relation between the active, reactive and 

apparent power can also be written as in (2), where cos 𝜑 is the power factor and φ is the phase 

angle between current and voltage.  

 𝑆 = 𝑃 + 𝑗𝑄  [𝑉𝐴] (1) 

 

 𝑃 = |𝑆|  ∙ cos 𝜑  [𝑊] 
(2) 

 𝑄 = |𝑆|  ∙ sin 𝜑 [𝑉𝐴𝑟] 

It should be noted that the units differ for the active, reactive and apparent power. However, the 

chargers have a power factor close to unity, resulting in almost only active power. The reactive 

power is then close to zero, and it is therefore possible to compare apparent power in VA with 

active power in W. Accordingly, the designed capacity of the substation, in kVA, can be 
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compared to the desired charging power of the charger, in kW. Every substation that is chosen 

for connection have to be designed for enough capacity to supply the charger, or further costs 

for upgrading of the station arise. 

In this report, possible connection points and the availability of them are examined, and possible 

reinforcements are investigated in order to compare the cost for different charging strategies. 

When creating a new connection to the grid, the cost is divided between the connecting 

company and the grid owner. How the cost is distributed depends on the type of cost basis in 

the market. In markets with deep cost basis, the connecting company carries the complete cost 

of reinforcements and improvements. With shallow cost basis, the connecting company is only 

carrying the connection cost and the reinforcements are paid by the grid owner [29]. A hybrid 

of these types is also possible, and it is not always clear exactly which rules that apply in every 

case. When connecting to the grid in Stockholm, the cost and its distribution between the 

connecting company and the grid owner depends on several parameters. The first one is the 

maximal current of the connection. For currents of less than 160 A, the connection fee is step-

wise fixed if the distance between the grid connection point and the point where the power is 

extracted is less than 200 meters. For example, a connection with maximal current of 10 A and 

100 meter distance will cost 22 100 SEK, while a connection with maximal current of 140 A 

and the same distance will cost 97 100 SEK [30]. If the distance is more than 200 meters, an 

additional fee is added per meter. This connection fee is paid by the connecting company, and 

the grid company will have to pay the actual costs if they are higher than these values. If 

reinforcements are needed, the cost is divided between the connecting company and the grid 

owner. In Stockholm, the distribution is based on the share of the new rated power that the 

connecting company will use, but additional cost may be added to the fee in certain cases [31]. 

The exact distribution is thus something that should be discussed for every new case. If the 

currents are larger than 160 A, the complete cost is paid by the connecting company. The cost 

in this case is based on the distance between the connection point and the point of power 

extraction, combined with possible reinforcements needed in the grid. The cost for 

reinforcements is based on the desired capacity. 

Several studies have been conducted regarding the effects on the grid when integrating a large 

number of electric passenger cars in an area, and the result shows that using uncontrolled 

charging might lead to increased peak loads as well as overloading of lines due to the increased 

load [7] [8] [9]. On the other hand, controlling when the charging is carried out seems to allow 

for very high level of penetration of electric vehicles without causing too large effects on the 

grid. However, when charging buses in commute traffic the possibilities to control the charging 

is limited due to the need of charging at specific times when the buses are in operation. Also, 

the power levels for charging buses differs from the power levels when charging passenger cars, 

as well as the number of vehicles that are charging at the same time. The power need for the 

buses as well as when the power is extracted from the grid therefore need to be investigated 

further, as well as a deeper analysis of the related costs. 

2.5 Current systems with electric buses 
There are several projects around the world implementing electric buses, most of them testing 

one or a few bus routes, and fully electrified systems are not yet tested. In Stockholm, a 

demonstration project in which a bus service is using plug-in hybrid buses is carried out as a 

part of the European project ZeEUS. The propulsion power is 150 kW and the buses are running 

on electricity for 7 of the 8 km. The charging stations are located at the end stations, where the 

bus stops for 6 minutes to recharge (currently only one of the chargers are installed and operated) 
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[32]. The ZeEUS project includes 10 core demonstration projects in Europe, where different 

systems are tested and evaluated for certain periods from 2013 to 2017. In Bonn, Germany, as 

well as in Barcelona, Spain, fully electric buses are tested with depot charging, and in for 

example London (England), Münster (Germany), and Pilsen (Czech Republic), depot charging 

is combined with fast charging at the end stations [33]. In Pilsen, BEVs with batteries of 78 

kWh and charging power up to 600 kW by conductive methods are implemented [34]. If this 

high power is actually used and not just available is not stated. The battery capacity used for 

double-deckers in the London project is 61 kWh [35]. 

Other cities in Sweden are also testing electric buses, and in for example Gothenburg and Umeå 

electric buses are integrated in everyday traffic. The exact values of charging levels and other 

parameters are not public in most cases, but according to newspapers and company websites, 

as much as approximately 20 % of the bus fleet in Umeå is running on electricity [36], charging 

with power levels of 300 kW [37]. In Gothenburg, route 55 have been using electric buses since 

June 2015, and according to a newspaper article an early evaluation shows that both customers 

and drivers are very happy, and an expansion in both Gothenburg and other cities are to expect 

[38]. 
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3 CASE STUDY 

In this section, the case studies of Stockholm and Mora are described. For Stockholm, three 

different scenarios are explained and later used to compare costs for different charging 

strategies. For each bus stop with a charging station, the grid connection cost is calculated using 

grid data from Ellevio AB, the grid owner in Stockholm city. Stockholm city is in this thesis 

defined in the same way as by the public transport authority, Stockholms Lokaltrafik (SL). 

Therefore, the buses in the project are operating within the city region but may include stops 

that are outside of the city centre defined by the grid ownership. The connection costs for these 

stops will be estimated if the area does not have the same grid owner, since data only is available 

for grid owned by Ellevio AB. For Mora, the same procedure is carried out but with only one 

scenario. The last part of this section includes a sensitivity analysis regarding the energy 

consumption of the buses. 

3.1 The bus system in Stockholm 
Stockholm is the capital of Sweden, with a population of approximately 900 000 people [39]. 

The 25 bus routes in the city consists in total of 238 km route length, and includes 323 stops. 

This means that each route is in average 9.5 km, and the average distance between two stops is 

737 meters. 4 of the 25 routes are night buses, which are not used during the day. These 4 are 

not included in the study. Furthermore, 4 routes are the so called blue buses. The blue buses in 

Stockholm have higher departure frequency than the other buses in the city, and are articulated 

in order to increase the passenger capacity. Since they are larger, they also have higher energy 

consumption than the smaller buses.  

The other group of buses in Stockholm is the 

red buses, which are mostly non-articulated 

in the city centre. They depart more seldom, 

and since they are smaller their energy 

consumption is less. In this project, the buses 

of Stockholm are divided into two groups; 

blue buses and red buses. In reality, the red 

buses consists of different types of buses; 

some are smaller and some are articulated, 

but in this thesis all red buses are considered 

equal and non-articulated. A typical blue and 

red bus are shown in Figure 7. 

  

Figure 7. To the left, a typical blue bus considered in the 

case study (picture from [51]). Above, a typical red bus 

(picture from [52]). 

Figure 8. Map of Stockholm together with Lidingö. The 

three depots Hornsberg, Söderhallen and Frihamnen are 

also shown with green marks. 
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In total, the city centre together with Lidingö uses 333 buses for commute traffic, including 

reserves. The reason that Lidingö is included is that they operate on the same contract and the 

buses can therefore be switched between the areas. A map of the city centre which also shows 

Lidingö is shown in Figure 8. The depots where the buses are parked when not operated are 

Hornsberg, Söderhallen and Frihamnen, for which the locations are also shown in Figure 8. 

Based on the number of departures in the city centre compared to the number of departures for 

Lidingö routes, the number of buses in the city centre is assumed to be 273 (82 % of the buses 

are used in city). Of these, 98 are blue and 175 red. It can be assumed that around 10 % extra 

buses are needed for reserves, giving approximately 246 buses in operation in the city centre 

every day. In the same way the total driven distance is estimated to approximately 13 170 000 

km every year. In this thesis, it is assumed that the buses do not switch between the city and 

Lidingö, and that only the city will be electrified. The city bus system with routes is shown in 

Figure 9, which also includes the buses used only during the night and the subway. 

 

Figure 9. The bus system of Stockholm together with the subway (picture from sl.se). 

The blue buses considered in this report is route number 1 to 4, with the basic properties 

summarized in Table 1. All equipment that is on-board the bus need to be designed for the 

longest route, which for the blue buses is number 4. The equipment that is static, such as 

chargers at end stations, can be designed to cover the need for the specific route it is placed on. 

For the blue routes, there are no departures between approximately 01.00 and 05.00 during the 

night, and assuming that the last bus before the break is not the same as the first bus in the 

morning gives that at least 4 hours of rest is reasonable. The departures are at least every 15 

minutes, and during rush hours it is only 4 minutes between the departures. The blue buses have 
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an average distance between stations of 400 meters, and the average velocity is 14-15 

kilometres per hour [40]. 

Table 1. Properties of the four blue bus routes considered in this report. The data is based on information given by 

Trafikförvaltningen. 

Route 

number 
Route 

End-to-end 

distance [km] 

Number 

of 

stations 

Departures/day1 

1 
Stora Essingen - 

Frihamnen 
10.5         31 350 

2 Barnängen - Sveaplan 8 22 330 

32 
Karolinska Sjukhuset - 

Södersjukhuset         
9.75        25 340 

4 Radiohuset - Gullmarsplan       12.3 30 400 
1Number based on data for the routes from August 2015 to December 2015 and is rounded off to the closest multiple of 
10. 
2Karolinska Sjukhuset is outside of the area for which the grid data in known. 

The red buses in Stockholm city centre consists of 17 lines, with properties according to Table 

2. It can be seen that the number of departures per day is significantly lower than for the blue 

buses, while the maximal length of the route on the other hand is similar. The red buses can 

therefore be assumed to have longer stops at the end stations, and 6 minutes is assumed to be 

the shortest waiting time. This is also based on the fact that the red buses never depart more 

frequent than every 6 minutes. Some of the red routes have different variations that includes 

different number of stations, or it might use some of the stations in only one direction. In this 

study this is simplified, and the longest version of the trip is considered. For some routes, the 

end stop can vary for different departures, and the length of the route may vary. To handle this, 

all stops that is used as end stops during some part of the day are considered to be end stations. 

This means that some routes have more than two end stations.  

It is important to notice that all blue buses should be able to operate on any blue route, while 

the red buses need to be able to operate on the red routes and exchange to the other type of bus 

is only made when really necessary. In this study, the buses are assumed to be used without 

exception on the intended type of route. 
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Table 2. Properties of the 17 red bus routes considered in this report. The data is based on information from 

Trafikförvaltningen. 

Route number Route 
End-to-end 

distance [km] 

Number 

of 

stations 

Departures/day1 

50 
Moa Martinsons torg - 

Lektorsstigen 
11.1         31 210 

532,3 

Kulturskolans hus - 

(Henrikdalsberget) - 

Finnberget 

11.5 (9.6) 29 (25) 190 

54 
Rindögatan - 

Reimersholme         
9.0       29 180 

55 Motalavägen - Tanto       10.2 34 150 

56 
Essingetorget - 

Nordenflychtsvägen 
6.9 22 70 

573 
Karolinska Sjukhuset - 

Tengdahlsgatan 
11.4 33 130 

59 
Malmgårdsvägen - 

Fredhäll 
9.9 32 130 

61 
Moa Martinsons torg - 

Ruddammen 
8.6 30 140 

65 
Cityterminalen - 

Kastellholmsbron 
2.9 8 90 

66 
Reimersholme - 

Tengdahlsgatan 
9.0 28 110 

672,3 
Skansen - (Karlaplan) 

- Frösundavik 
12.3 (10.3) 40 (35) 150 

692,3 

Karolinska institutet 

västra - (Centralen) - 

Blockhusudden 

10.7 (6.2) 33 (12) 220 

72 
Karlbergs station - 

Östhammarsgatan 
6.2 21 220 

733,4 
Karolinska institutet 

västra - Ropsten 
7.2 17 120 

74 
Krukmakargatan - 

Sickla köpkvarter 
7.3 15 150 

76 
Ljusterögatan - 

Ropsten 
9.3 26 180 

773 
Karolinska sjukhuset - 

Liljeholmen 
6.7 14 130 

1Number based on data for the routes from August 2015 to December 2015 and is rounded off to the closest multiple of 

10. 

2Several versions of the route exists. The route is therefore considered to have extra end stations. 
3At least one of the end stations are outside of the area for which the grid data in known. 
4Route 73 is currently using PHEVs with charging station at Ropsten, as part of the ZeEUS project. 
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3.2 Electric grid in Stockholm 
The distribution grid in Stockholm city is owned by Ellevio AB, from which the required data 

in the thesis have been supplied. In 2013, the electricity consumption in Stockholm (the county 

area) was approximately 20 TWh [41], and in Sweden it was approximately 140 TWh [42]. By 

estimation, approximately 487 500 customers are connected to the low voltage grid in 

Stockholm city and there are 354 high voltage connections [43]. There are almost 800 

substations at low level voltage, and 30 substations with medium voltage. The stations are 

dimensioned for different power levels, which cannot be exceeded without risking damage of 

the equipment and failure of components. The peak power of the substations can vary, and for 

example Gärdet substation with medium voltage had a peak load in 2007 of approximately 80 

MW, which is approximately 50 % of nominal capacity [9]. The distribution of the peaks for 

the different substations can vary, and depends on the type of area that is supplied by the 

substation. There are residential areas, for which the basic load is quite stable with peak values 

in the morning when people prepare for work, and in the afternoon and early evening when 

people get back home. For commercial areas, the difference between the peak load and the 

lowest load is larger and the time of the peak load is different compared to in residential areas. 

This is the case in for example Brunkeberg substation, which is located in the city centre of 

Stockholm with many companies and shopping centres. The peak value in 2007 was also around 

80 MW, but the peak happens a few hours earlier compared to the peak value of residential 

areas such as Gärdet. For Brunkeberg substation, the peak load was approximately 50 % of 

nominal capacity. 

3.3 Assumptions and costs 
Electric buses use approximately 1.5 kWh electricity per kilometre, even though the number 

can vary [20] [17]. This includes the use of electrical heating during a normal day, but during a 

cold winter day the consumption could be higher [6]. For a light weight bus, a low value of 0.61 

kWh/km has been measured [12], while higher values should be considered for larger or 

articulated buses. The use of other auxiliary services will also influence the energy use, as well 

as the weight of the load. The energy consumption for the blue buses is assumed to be higher 

than the energy consumption for the red buses since the red buses are non-articulated. Roughly 

estimated, the blue buses can be assumed to have a weight of around 28 tons, while the red 

buses have a weight of around 18 tons, including maximal load. For the red buses, 1.5 kWh/km 

is used in this study, which is a good average value but does not cover the worst case. The same 

applies for the blue buses, but with an energy consumption of 2 kWh/km. The daily power 

consumption depends on the driving distance that is to be covered during the day. Normally, 

the driving time per day is between 14 and 22 hours, depending on the state of the bus and 

which route the bus is currently operating. The blue buses are assumed to be in service for larger 

part of the day due to the high numbers of departures and the short time between last and first 

departure of the day. 20 and 18 hours of operation time a day is assumed for blue and red buses 

respectively. The distance between the depot and the end stop at which the bus starts or ends 

the day is assumed to be 3 km. For the first trip of the day, the bus is assumed to arrive at the 

end station at which it starts the day 3 minutes before departure. This gives the possibility to 

charge during this time if chargers are available. The assumptions used for the buses in this 

study is summarized in Table 3. 
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Table 3. Summary of the assumptions used for the buses in the case study. 

 Blue buses Red buses 

Energy consumption 

[kWh/km] 
2 1.5 

Driving distance [km/day] 250 200 

Operation time [h/day] 20 18 

According to [6], the investment cost for electric buses is approximately 150 000 SEK more 

than for a corresponding gas driven bus, and approximately 500 000 SEK more compared to a 

conventional diesel bus. This cost does not include the cost for the battery, which will be added. 

It is reasonable to believe that the cost will decrease in the future, and it is likely that the electric 

bus without the battery will cost less than a bus with combustion engine [6]. The investment 

cost for new buses is not included in this case study, since the required need for additional buses 

is not considered and thus the investment cost for new buses will be equal for the three charging 

strategies. It is also possible to introduce the electric buses step-wise, and to replace 

conventional buses with electric ones at the end of their lifetime. This is reasonable, especially 

since electrification of a full system is likely to happen gradually.  

The assumed costs for batteries, chargers and grid connections are summarized in Table 4. The 

explanation and motivation for the choices are given in the section after the table. 

Table 4. Summary of estimated costs used in the study. 

 Cost 

Battery 2 500 SEK/kWh 

Depot charger (on-board, low power) 20 000 - 23 000 SEK (11 - 22 kW) 

Charging station (for connection of on-board 

charger to grid) 
60 000 SEK 

Station charger (off-board, high power) 5 000 SEK/kW 

Distance depending cost for grid connection at LV 7 000 SEK/m 

Distance depending cost for grid connection at MV 10 000 SEK/m 

Start-up cost 100 000 SEK/substation 

Fee for medium voltage connection of new 

substation 

16 700 SEK for every exceeded 100 

kW 

Extended capacity cost  100 000 SEK/100 kVA 

The battery price follows the price of the metals needed for production, and due to the current 

low prices the cost for batteries have decreased [11]. The power levels used for charging will 

also influence the battery price, since higher charging power requires the battery to be adapted 

for that. Also, the life time of the battery will be influenced by the charging power. It is therefore 

most suitable to estimate costs for batteries in terms of SEK per kilometre during the life time 

of the battery. In this report, further simplifications will be used and the cost will therefore be 

assumed to be 2 500 SEK/kWh, which is based on current price estimations in [44] and which 

is a bit higher than the prediction for 2020 [11]. The reason for simplifying further is that this 

is not the focus of the report, and that an analysis of total cost of operation is not included. One 

of the factors limiting the possibilities to increase the storage capacity further than a certain 

limit is the weight and volume of the battery. At some point, it will be too large compared to 

the usefulness.  

For charging stations at the depot, the cost is divided into one part for the on-board charger and 

one part for the actual station to which the charger connects. The charger cost can be considered 
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to be between 2 000 and 2 500 EURO (20 000 and 23 000 SEK) within the considered time 

span, with power levels between 11 and 22 kW. If the required power is higher, the charger cost 

will be estimated as for station chargers instead of depot chargers since it is assumed than an 

off-board charger will be used. The cost of a charging station at the depot is assumed to be 60 

000 SEK, using standard connection to the grid. This cost includes the actual station, the 

installation cost and a margin in order to cover for extra costs that may arise from adjusting 

parts of the depot. For a charging station at the end station or another stop the charger cost is 

assumed to be 1.5 MSEK for 300 kW. It is assumed that for other power levels, the cost will 

have the same proportions, i.e. 5000 SEK/kW. In reality, the cost is not proportional to the 

power, but for this comparison the assumption is reasonable. For high power chargers that 

require medium voltage connections, the cost may be different. This is not included in this study. 

The cost to connect to the grid is based on the desired power, the need of upgrading or building 

new network stations and the distance between the network station and the point to be connected. 

Values are obtained from discussion with power companies and information from substation 

companies. The cost depending on the distance is assumed to be 7 000 SEK per metre when 

connecting to the low voltage grid of 400 V. When building a new substation, the connection 

is made to medium voltage grid and the cost is then higher, 10 000 SEK per metre. No 

consideration to the type of ground is included. This cost is an estimation of the cost for actually 

creating the connection, including cables and construction work. A new substation have to be 

built if the available capacity needs to be extended. The available capacity is assumed to be 

enough if the charging power, including a margin of 50 % of the charging power, can be added 

to the substation without exceeding the nominal capacity. The margin is added since it is never 

desirable to have maximal loads close to the nominal value, and in order to cover for future 

demands. The margin also covers for possible cases where the power factor of the charger is 

less than unity. The new substation can be placed in connection to the old substation or in 

connection to the charger. The possibilities to choose the location is limited, especially in city 

centres, due to limited space or the fact that the land might be owned by a third part. In this 

thesis, it is therefore assumed that the new station will be located in the same place as the 

charger, with connection to the grid at the location of the old station. The relevant distance for 

calculating this cost is therefore the distance between the connection point and the charger. This 

is however something that need to be further investigated. The new substation will be connected 

to medium voltage of 11 or 12 kV, and the secondary side voltage will be 400 V. This is where 

the chargers are connected. The distance related cost, 𝑐𝑑 , is then calculated as in (3). The 

distance related cost will, for this types of high power connections, be paid by the connecting 

company. In this case, this will be the bus operator unless an agreement is made to share the 

costs differently. 

 
𝑐𝑑 = {

7 000 ∙ 𝑑,

10 000 ∙ 𝑑,
 
𝑖𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑡𝑜 400 𝑉
𝑖𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑡𝑜 12 𝑘𝑉

 [𝑆𝐸𝐾] (3) 

 

𝑤ℎ𝑒𝑟𝑒 

 

𝑐𝑑 = 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑑𝑒𝑝𝑒𝑛𝑑𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 [𝑆𝐸𝐾] 

𝑑 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑐ℎ𝑎𝑟𝑔𝑒𝑟 [𝑚] 
 

The cost for a substation depends on, amongst other parameters, the desired capacity, the 

desired level of control and the protection systems. From projects carried out in USA during 

1995-2002 combined with planned costs for projects in 2002-2011, the average cost per kVA 

capacity for new substations was in [45] found to be 112.4 $2002, and from discussion with 

power companies today the cost per kVA capacity used in this thesis is estimated to 1 000 SEK 
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per kVA. This is just lower than 112.5 $2002, which is reasonable considering that the report 

is from 2006. This cost includes installation and project costs, but not taxes, insurances, 

financing, line losses or centralized power generation costs that arises because of the projects. 

The substations are assumed to be available in even hundreds of kVA. In reality, the step size 

varies, and for example ABB offers substations with capacity of 200, 315, 400, 500, 630, 800, 

1000, 1250 and 1600 kVA, but in this project this is simplified to even hundreds.  

For every new station, a start-up cost of 100 000 SEK is assumed. Furthermore, a fee based on 

the desired power will add to the cost when building a new substation connected to the medium 

voltage grid. This fee is approximately 100 000 SEK for 600 kW, and for simplifications it is 

assumed proportional to the power levels, giving approximately 16 700 SEK for every exceeded 

100 kW. The upgrade costs, 𝑐𝑢 , can now be written as in (4). 𝑐𝑒𝑖𝑙 is used in order to round off 

to even 100 kW, but always to the upper level. For example, a charging capacity of 324 kW is 

assumed to require a substations which is designed for 400 kW. The factor 1.5 is used in order 

to add the margin of 50 %.  

𝑢𝑑 = {

0, 𝑖𝑓 𝑡ℎ𝑒 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑖𝑠 𝑒𝑛𝑜𝑢𝑔ℎ

1 000 ∙ 𝑐𝑒𝑖𝑙 (1.5 ∙
𝑃

100
) ∙ 100 + 16 700 ∙ 𝑐𝑒𝑖𝑙 (1.5 ∙

𝑃

100
) , 𝑖𝑓 𝑎 𝑛𝑒𝑤 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑛𝑒𝑒𝑑𝑒𝑑 

 [𝑆𝐸𝐾] (4) 

   
𝑤ℎ𝑒𝑟𝑒 𝑢𝑑 = 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑛𝑒𝑤 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 

𝑃 = 𝑡ℎ𝑒 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 [𝑘𝑊]   

3.4 Proposed charging systems 
Three different charging scenarios will be analysed in this report. All scenarios consider 273 

buses used in Stockholm city, including a reserve of approximately 10 %. The first scenario 

includes only charging during night time, when the buses are parked in the depot. This will 

mean that lower charging power can be used, but the energy storage capability of the battery 

have to be large. In this scenario, the batteries have to be chosen such that they have enough 

capacity to be used during the complete day. Thus, the charging infrastructure will decide the 

battery requirements. The second scenario uses end stop charging combined with depot 

charging. In this case, the batteries and charging powers have to be chosen to make sure that 

the bus reaches the next charging opportunity. The third scenario starts from current or near 

future technology, with the aim to show how the existing and soon available technology can be 

implemented together with the related costs. The charging power and the possible energy 

storage is set beforehand, and a charging infrastructure which uses both depot charging and 

station charging is developed from that. In all scenarios, the requirements for the batteries and 

chargers will be evaluated in terms of cost and viability. The scenarios can be summarized as 

follows: 

 Scenario 1 – charging at the depots only 

 Scenario 2 – charging with high power at end stations combined with depot charging 

 Scenario 3 – using currently available technology, charging at depots combined with 

charging at selected bus stations 

The position of each bus stop is stated in terms of longitude and latitude, and the chosen 

charging stations are assumed to be located in the same position as the bus stop. The values are 

obtained manually from Google maps combined with the travel planner by sl.se and 

dalatrafiken.se. For each station, it is assumed that charging is possible in both directions but 

only one bus at each charger is allowed. Thus, one bus in each direction can charge 
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simultaneously and for each bus station with charging, two chargers is needed. At the end 

stations, only one bus is allowed charging and therefore only one charger is needed. 

3.4.1 Scenario 1 – Depot charging 

In this scenario, the input is the chosen charging strategy, which will set the requirements for 

the battery capacity and the charging power, as shown in Figure 10. The buses are only charged 

during the night when parked in the depot, and therefore the battery capacity have to be very 

large in order to cover the energy demand during the day. The output is information about the 

desired connection points as well as the required upgrades of the substations. From this, 

conclusions regarding the cost is drawn. 

 

Figure 10. The process of scenario 1. 

The depots used in this scenario is Söderhallen, Hornsbergs and Frihamnen, which are located 

as shown in Figure 11. A charging time of 4 hours a day for blue buses and 6 hours for the red 

ones is assumed, and the energy requirement will depend on which bus route the bus is operating 

on. Since buses switch routes, it is 

assumed that all buses need to be able 

to store enough energy to drive the 

longest route, but a distinction between 

blue buses and red buses is made. The 

distance for route 4 is 12.3 km, which 

is the longest blue route. This route 

will therefore set the design for all the 

blue buses. Bus 4 departs from 

Gullmarsplan 197 times a day as well 

as 201 times from Radiohuset. This 

means that the one direction distance is 

driven 398 times a day. 25 buses is 

assumed to be used over the day, 

resulting in 16 trips in one direction for 

the average bus. Together with some empty kilometres, and the drive from and to the depot the 

total distance covered per day is up to 250 km. The maximal power need will thus be 500 kWh 

a day, assuming an energy consumption of 2 kWh/km. This means that the batteries have to 

have a capacity of 700 kWh, assuming a SOC window of 70 %. This is a larger window than 

normally allowed. The reason is that the lower charging power that is used does not decrease 

the life time of the battery as much as charging with high power, and thus a larger SOC window 

can be used without resulting in too short life time. The blue buses are charged during 4 hours, 

and will thus need a charging power of 125 kW. This level might not always be needed, but if 

SOC for a returning bus is close to the lower limit, 125 kW is needed to bring it back to the 

upper level before the first departure. 125 kW corresponds to a C-rate of approximately 0.18C 

for these batteries, which means that the battery would be fully charged in just over 5 and a half 

hour.  

Figure 11. The three depots used for Stockholm city. Map layer from 

Google maps. 
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The red buses are assumed to drive less than 200 km a day, with the longest route being number 

67, with 12.3 km. This is as long as route 4, but the number of departures a day is less and thus 

the total driven distance is less. With an energy consumption of 1.5 kWh/km the usable energy 

need is 300 kWh. The total battery capacity is thus 420 kWh, assuming 70 % usable energy, as 

for the blue buses. To cover the complete SOC window, 300 kWh should be supplied during 6 

hours, which requires 50 kW charging power. This corresponds to 0.12C, or 8 hours and 20 

minutes for a full charge.  

The properties are given in Table 5. The given data is based on the number of buses in the centre 

together with Lidingö, and therefore only 82 % of the buses are considered, i.e. the buses 

operating in Lidingö is left out in the table. As stated before, the distribution between city and 

Lidingö is based on the number of departures in each area. Each blue bus is assumed to be 

charging between 01.00 and 05.00 am., and the red buses between 00.00 and 06.00. This means 

that the peak power will be obtained between 01.00 and 05.00, and this is the power that the 

connection need to be designed for. As can be seen in the table, the peak power demands are 7 

750 kW, 8 700 kW and 2 450 kW. This allows all buses that have been used during the day to 

charge, but the reserves are assumed to be able to charge during other times. 

Table 5. Properties of the considered bus depots, based on data from Keolis. The number within brackets is the number 

of buses including the reserves. 

 Söderhallen Hornsberg Frihamnen 

Number of blue 

buses 
36 (40) 46 (51)  6 (7) 

Number of red buses 65 (72) 59 (65)  34 (38) 

Total number of 

buses 
101 (112) 105 (116) 40 (45) 

Maximal power need 7 750 kW 8 700 kW 2 450 kW 

The costs for batteries and chargers are estimated based on the cost today and what is expected 

in the future. It is probable that batteries this large will be expensive and heavy, and that the 

possible number of passengers on the bus will be decreased.  

3.4.2 Scenario 2 – End station charging combined with depot charging 

In scenario 2, charging at the end stops is combined with charging at the depots. Thus, the input 

is again the desired charging strategy, as shown in Figure 12. A map with all charging stations 

is shown in Figure 13. 

 

Figure 12. The process of scenario 2. 

Charging is first carried out at the depots. The same assumptions are made regarding time in 

depot as in scenario 1, but the required power levels will be different since energy is supplied 

during the day as well. For the blue buses, the charging power at the depot will be 12.75 kW 

and for the red buses it will be 6.25 kW. The depot properties are shown in Table 6. It is assumed 
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that the batteries should be charged to the maximal allowed SOC level when leaving the depot 

in the morning. At the end stations, the stand-still time may vary but it is assumed to be at least 

4 minutes for the blue buses and 6 minutes for the red buses. This corresponds to the time 

between departures for routes with highest frequency, and should be available in almost all 

cases.  

Table 6. Summary of the depot properties and power needs in scenario 2. The number of buses within brackets includes 

the reserves. 

 Söderhallen Hornsberg Frihamnen 

Number of blue 

buses 
36 (40) 46 (51) 6 (7)  

Number of red buses 65 (72) 59 (65)  34 (38) 

Total number of 

buses 
101 (112) 105 (116) 40 (45) 

Maximal power need 865 kW 955 kW 289 kW 

The charging power for the 

buses is based on the 

assumption that one charge at 

the end stop should give 

enough energy to reach the 

other end stop. Based on route 

4, which is the longest route 

with its 12.3 kilometres, and the 

energy consumption, 25 kWh 

need to be supplied during 4 

minutes, resulting in charging 

powers of 372 kW. This is the 

highest charging power used by 

any route. The system is 

designed in order to allow one 

missed charge, either as a 

complete miss or divided into 

several occasions with less 

charging time than expected. 

This means that the energy is 

enough to cover for 4 minutes 

of lost charge during the day. 

The usable energy thus need to be 50 kWh, resulting in a battery capacity of approximately 85 

kWh with SOC window of 60 %. This means that the batteries are charged with a C-rate of up 

to 4.4C, i.e. with this charging power the battery would be fully loaded in almost 14 minutes. 

The case for route 4 is shown in Figure 14, where SOC in relation to driving distance for a blue 

bus on the route is shown. After approximately 130 km, a missed charged occurs. It can be seen 

that the charging power is exactly enough to cover the energy consumption during one trip, but 

not enough to compensate for the lost charge and SOC will therefore remain on a lower level 

after the missed charge. The resulting SOC level is low, but still within the allowed limits. The 

charging stations for the blue buses are summarized in Table 7. 

Figure 13. All charging stations in scenario 2. The green marks are the depots, 

the blue marks are chargers for blue buses, the red marks for red buses and 

the blue/red marks represents charging stations which are used by both blue 

and red buses. Map layer from Google maps. 
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Figure 14. The state of charge (SOC) for a bus driving on route 4 versus the total driven distance. The drop in SOC 

after approximately 130 km represents a completely missed charge. 

Table 7. Summary of charging stations for the blue buses in scenario 2. 

Stationer Number of routes 

Frihamnsporten 1 

Essingetorget 1 

Karolinska sjukhuset1 1 

Södersjukhuset 1 

Radiohuset 1 

Gullmarsplan 1 

Sveaplan 1 

Barnängen 1 
1This station is located outside of the area for which the grid data in known.  

For the red buses, the longest route is number 67, which is 12.3 km long, just as route 4. Since 

the energy consumption is less and the charging time is longer (6 minutes), the charging power 

needed will be 187 kW in order for one charge to compensate fully for the used energy between 

the end stops. The required battery size is 65 kWh, assuming 60 % SOC window. The batteries 

in the red buses are charged with 3.5C, which means that a full charge would be reached in 17 

minutes. A summary of the charging stations for the red buses is given in Table 8. 
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Table 8. Summary of charging stations for the red buses in scenario 2. 

Stations Number of routes 

Moa Martinsons torg 2 

Lektorsstigen 1 

Kulturskolans hus 1 

Finnberget1 1 

Henriksdalsberget1 1 

Rindögatan 1 

Reimersholme         2 

Motalavägen 1 

Tanto       1 

Essingetorget2 1 

Nordenflychtsvägen 1 

Karolinska Sjukhuset1,2 2 

Tengdahlsgatan 2 

Malmgårdsvägen 1 

Fredhäll 1 

Ruddammen 1 

Cityterminalen  1 

Centralen 1 

Kastellholmsbron 1 

Skansen 1 

Karlaplan 1 

Frösundaleden1 1 

Karolinska institutet västra1 2 

Blockhusudden 1 

Karlbergs station 1 

Östhammarsgatan 1 

Ropsten 2 

Krukmakargatan 1 

Sickla köpkvarter1 1 

Ljusterögatan 1 

Liljeholmen 1 
1This station is outside of the area for which the grid data in known. 
2This station is also used as end station for a blue route. 

3.4.3 Scenario 3 – Currently available technology 

This scenario is based on battery technology available today, and fast charging at selected 

stations combined with depot charging is considered. The battery packs used are chosen to have 

a capacity such that the energy covers for one missed charged and such that the batteries are 

able to be charged with up to 180 kW. For both of these requirements to be fulfilled, the battery 

should have a capacity of approximately 120 kWh. The inputs in this scenario are thus the 

battery capacity and the charging power, as shown in Figure 15. From this, the requirements 

for the charging infrastructure are set. To have the buses operate as today, depot charging 

together with charging at end stops and some stops along the route is considered. The possible 

connection points together with needed reinforcements will be the output, which is used to 
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estimate the grid connection cost. All charging stations used in this scenario are shown in Figure 

16. 

 

Figure 15. The process of scenario 3. 

The depot chargers are assumed to transfer power at 18 kW for both the blue and red buses. 

This level is needed in order to charge 60 % of the battery capacity, and will therefore not 

always be used since SOC is higher than the lower limit for several routes when returning to 

the depot. However, the connection should be prepared to handle these power levels. Table 9 

shows the parameters considered for the depots in scenario 3. 

It is assumed that the charging power at each end station is chosen such that one charge fully 

compensates for the one-way trip to the next end stop, but never more than 180 kW. The allowed 

C-rate for charging is in this case 1.5C, which corresponds to a full charge in 40 minutes. The 

limiting factor in this case is the energy supplied by one charge, and additional charging stations 

will be needed during the trip for all blue routes. The charging time at each station is based on 

the actual stop time for the blue buses, while assumptions are made for the red buses. For the 

blue buses, the stations selected for charging is summarized in Table 10. 

 

 

 

 

 

 

 

 

 

 

Figure 16. All charging stations in scenario 3. The green marks are the depots, the blue marks are for blue buses, the 

red marks are for red buses and the blue/red marks represents charging stations which are used by both blue and red 

buses. Map layer from Google 
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Table 9. Summary of the properties of the depots in scenario 3. 

 Söderhallen Hornsberg Frihamnen 

Number of blue 

buses 
36 (40) 46 (51) 6 (7) 

Number of red buses 65 (72) 59 (65) 34 (38) 

Total number of 

buses 
101 (112) 105 (116) 40 (45) 

Maximal power need 1818 kW 1890 kW 720 kW 

Table 10. Summary of charging stations for blue buses in scenario 3. 

Stations Time 

Frihamnsporten 4 min 

Essingetorget 4 min 

Karolinska sjukhuset1 4 min 

Södersjukhuset 4 min 

Radiohuset 4 min 

Gullmarsplan 4 min 

Sveaplan 4 min 

Barnängen 4 min 

Värtavägen 30 s 

Södra station 40 s 

Fridhemsplan 90 s 

Slussen 90 s 

Stureplan 30 s 

S:t Eriksplan 30 s 

Östra station 50 s 
1This station is located outside of the area for which the grid is known.  
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SOC during the day for each of the blue bus routes is shown in Figure 17. In this case it is 

assumed that SOC is allowed to vary between 20 and 80 %, and it can be seen that SOC is 

within these values for all routes. For route 2, the energy consumption is more than 

compensated for, and the route will therefore have a margin before SOC reaches the lower limit. 

For route 1, 3 and 4, the consumed energy per trip is higher than the energy supplied. Route 1 

still have a margin before reaching the lower limit of SOC, while route 3 and 4 are close to the 

limit at the end of the day. This means that the tolerance of missed charges for these routes are 

small. 

The red buses in scenario 3 can use only the end stations to charge, since the stand still time is 

longer than for the blue buses, and the energy consumption is less. Enough energy will thus be 

supplied even though the charging power is limited to 180 kW. With this charging power, the 

consumed energy between end stations, and thus charging opportunities, will not be fully 

compensated for in all cases. Still, the SOC is within allowed limits, and it can be argued that 

the 6 minutes of charging time is very short and longer times will be available except for certain 

routes during rush hours. The end stations, and also the charging stations, for the red buses in 

scenario 3 is given in Table 11.  

  

Route 1 

Route 2 

Route 3 Route 4 

Figure 17. SOC vs. driven distance during the day four route 1-4. The larger drop in SOC is due to a missed charge at 

one of the end stations. 
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Table 11. Summary of charging stations for red buses in scenario 3. 

Stations Number of routes 

Moa Martinsons torg 2 

Lektorsstigen 1 

Kulturskolans hus 1 

Finnberget1 1 

Henriksdalsberget1 1 

Rindögatan 1 

Reimersholme         2 

Motalavägen 1 

Tanto       1 

Essingetorget2 1 

Nordenflychtsvägen 1 

Karolinska Sjukhuset1,2 2 

Tengdahlsgatan 2 

Malmgårdsvägen 1 

Fredhäll 1 

Ruddammen 1 

Cityterminalen  1 

Centralen 1 

Kastellholmsbron 1 

Skansen 1 

Karlaplan 1 

Frösundaleden1 1 

Karolinska institutet västra1 2 

Blockhusudden 1 

Karlbergs station 1 

Östhammarsgatan 1 

Ropsten 2 

Krukmakargatan 1 

Sickla köpkvarter1 1 

Ljusterögatan 1 

Liljeholmen 1 
1This station is outside of the area for which the grid data in known. 
2This station is also used as end station for a blue route. 
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3.5 Mora 
Stockholm is just one city in the world, and the conditions for electrification can be very 

different in other locations. In order to achieve a more useable result in this thesis, the small 

city Mora in Sweden will be used for comparison. Mora is included in the analysis to highlight 

how the existence of a well-developed system of network stations can influence the cost, as 

well as how the bus system and related properties will influence the result. It is also desirable 

to compare how the result would differ in a larger city in Europe, like Berlin, Paris or London, 

but this analysis will be left out and only some differences or similarities will be highlighted 

and discussed. 

Mora is a small city in the region of Dalarna in central Sweden, as 

shown in Figure 18. The population is almost 11 000 people. The 

bus system of Mora is divided into city buses, rural buses, direct 

buses to connect with other closely located cities, and so called 

flex buses, which operate on request to areas with low travel 

frequency. In this report, focus is on the city buses. The city buses 

consists of 3 routes, for which the data are summarized in   

Mora 

Sweden 

Figure 18. Map showing the 

location of Mora. 
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Table 12. In the table, end stations are given as well as a station within brackets. The station 

within brackets is used as end station for several departures of the route, but does not give the 

longest version. Although, since the bus sometimes turns here, it will be considered an end 

station as well. The bus data is collected at dalatrafik.se in May 2016. For route 52, the different 

versions of the route are very different regarding the length. The distance is more than doubled 

for the longer version, while the number of stops is almost the same. This is due to the fact that 

the shorter version takes a different path within the city centre, with several more stops. Even 

though the long version is the route for only two departures a day, the electric bus system must 

be able to handle this in the same way as the conventional system. Route 53 uses slightly 

different stops depending on direction, but with determined end stops. This route is therefore 

simplified to look the same in both directions, with the longest version chosen. Route 54 is also 

subject to some variations, and the stops have been simplified to be the same as for the longer 

version for all departures. The end stations are Drändjgatan Färnäs and Ripvägen for the longest 

route, but for the other version the end station is Mora Lasarett, same as for route 52 and 53. 

This version is shorter but the difference is small. When Mora Lasarett is not the end stop, the 

route still passes here. The most common version of the route is the one with Mora Lasarett as 

end station. The charging time is assumed to be 30 minutes, since this is the shortest time 

between departures and therefore this should always be available. 

The energy consumption for the buses in Mora is assumed to be 1.5 kWh/km. When driving in 

the city centre, the consumption is very similar to the consumption of the red buses in 

Stockholm. For the longer version of route 52, the distance between Långlet Bygdegården and 

Oxberg will have a bit lower energy consumption. Still, it is assumed that the consumption is 

1.5 kWh/km for the complete route. 
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Table 12. Summary of properties for city buses in Mora. The distance is found manually from Google maps, while the 

other data is obtained from dalatrafik.se. 

Route number 52 53 54 

Route 

Mora Lasarett – 

(Långlet bygdegården) 

– Oxberg 

Mora 

Lasarett – 

Skarinvägen  

Drändjgatan Färnäs – 

(Mora Lasarett) –

Ripvägen  

End-to-end distance 

[km] 
32.6 (14.3) 11.6 15.6 

Number of stops 31 (30) 23 33 

Departures/day (21) 21 27 54 
1Only 2 departures uses Oxberg as end station. The other 21 departures turns at Långlet Bygdegården. 

The electric grid in Mora is owned by Ellevio AB, and the area that the buses are operating in 

includes almost 250 substations for low voltage. The maximal measured load for these 

substations is not available, and therefore the substations will only be used to estimate the 

distance cost. The cost for new substations will be included, but in reality some charging 

stations might be able to connect without new substations. The cost for reinforcements and 

upgrades of the grid is therefore estimated as a higher value than probable in practice.  

The scenario used for calculations is scenario 2, with charging at the end stations combined 

with depot charging during the night. Since the buses are used less than in a larger city, the time 

in the depot is assumed to be 10 hours. This gives the buses time to finish the last departure and 

still be prepared for the first departure the next day. For route 54, the time between the last and 

first departure are less than 10 hours, but an extra bus is assumed to be used compared to the 

other routes since the departures are more frequent than for the other routes. It is also assumed 

that all buses can be used for all routes, meaning that all buses need to be designed for the 

longest route. It is assumed that the maximal charging power at each station will be enough to 

cover the distance to the next charging station. The time for charging at the end stations will be 

30 minutes, because this is the shortest time between departures and the standstill time at end 

stations is therefore assumed to never be less than this.  

The charging infrastructure considered for Mora consists of one charging station at each end 

stop, combined with the possibility to charge at the depot. The dimensioning case for the 

batteries will be route 52, which with its 32.6 km and 1.5 kWh/km requires 48.9 kWh for the 

one-way trip. With one missed charge and 70 % SOC window, the required battery size is 140 

kWh. For one charge to fully compensate for the energy use during one trip, the charging power 

need to be up to 100 kW for the most demanding station. Mora Lasarett is used by all three 

routes, and will therefore need 3 chargers.  

The depot charging power will be up to 10 kW, to be able to charge 70 % of the battery capacity. 

The on-board charger is assumed to have a cost of 20 000 SEK. A summary of the charging 

stations, the required charging power and the battery properties is given in Table 13. 

The number of buses used in Mora is not known, but considering the number of departures per 

day and the frequency of the departures it is reasonable to assume that 12 buses should be 

enough to cover the need. These buses are all assumed to belong to the same depot, of which 

the location is not known. It is therefore assumed that the distance to the closest substation is 

200 meters and that a new substation has to be built. The 12 buses includes reserves and buses 

that are only used during short times of the day. It is therefore assumed that maximal 10 buses 

will be charging at the same time in the depot. 
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Table 13. Summary of the properties considered for Mora. 

Battery size 140 kWh 

Charging power at depot 10 kW 

Charging power at end stations Up to 100 kW 

Charging stations 

Mora Lasarett (3 chargers), Långlet Bygdegården, 

Oxberg, Skarinvägen, Drändjgatan Färnäs, Ripvägen, 

depot 
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3.6 Calculations 
The calculations are carried out using MATLAB. The data regarding the grid is obtained from 

Ellevio AB, and regarding the bus system in Stockholm information is given by 

Trafikförvalningen and Keolis. For locations of bus stations and therefore also charging stations, 

Google maps is used combined with the travel planner on sl.se. For the traffic in Mora, 

dalatrafik.se is used together with Google maps. The position of the substations is given in X 

and Y coordinates, but is transferred to longitude and latitude in order to be able to calculate 

the distance to the bus stops. 

For each scenario, the charging stations are selected and the power need is determined. For 

every charging station, the closest substation is found based only on distance. The available 

capacity for this substation is estimated based on the maximal measured load and the nominal 

capacity, in order to decide if it is possible to connect the charger or not. It is assumed that the 

charging power plus 50 % have to be possible to add without exceeding the nominal value, 

since it is always desirable to have a margin. Based on these data, the cost is estimated using 

the assumptions described. 

For the city of Mora, it is assumed that all connections require a new substation to be built, 

since only the location and the nominal capacity of the substation is known, but not the maximal 

measured load.   
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4 RESULTS 

This section gives the results from the calculations described above. 

4.1 Scenario 1 – Depot charging 
Due to the large power need when charging only in the depot, it will not be possible to connect 

to existing substations. New substations will have to be built for all three depots, and the 

maximal loads of the new substations are given in Table 14. This maximal power will only be 

used during the nights, when the electricity consumption in the area otherwise is low. At the 

same time, the exact time of charging is well-known, and from grid control perspective it is 

easy to plan for the large load that will connect. Since the buses will operate unrelated to the 

grid during the day, the already existing power demand will not be influenced.  

Table 14. Maximal power need of the depots in scenario 1. 

 Söderhallen Hornsberg Frihamnen 

Maximal power need 7 750 kW 8 700 kW 2 450 kW 

The distance between the grid and the new substations is 62, 158 respectively 122 m, resulting 

in 3.4 MSEK for distance related costs. The new substations at Söderhallen, Hornsberg and 

Frihamnen will be designed for 11 700, 13 100 and 3 700 kW respectively, resulting in upgrade 

costs of 36.9 MSEK. For these substations, a margin of 50 % is included. Since there is only 3 

new substations, the start-up cost will be 0.3 MSEK. The total cost for these connections are 

40.6 MSEK. 

In Table 15, a summary of the parameters for 

scenario 1 is given. All buses used during the 

day should be able to charge during the night, 

but it is assumed that the reserve fleet can 

charge during other times, and therefore the 

number of charging stations should be 88 for 

blue buses and 158 for red buses (equal to the 

number of buses excluding the reserves). The 

charging power is high in this scenario, even 

though depot charging is used. Because of the 

high power levels, on-board chargers aren’t suitable and off-board chargers are therefore used. 

These are placed in the depot. Each bus, including the reserves, need to have a battery and 

therefore the number of batteries are equal to the total number of buses. In Table 16, the total 

costs are given, and in Figure 19 the cost distribution between batteries, chargers and grid 

connections are shown. 

  

Figure 19. The distribution of the costs for batteries, 

chargers and grid connections in scenario 1. 



   

39 

 

Table 15. Summary of parameters in scenario 1. 

 Blue buses Red buses 

Charging power 125 kW 50 kW 

Cost per charger 625 000 SEK 250 000 SEK 

Number of charging stations in 

the depots 
88 158 

Battery capacity 700 kWh 420 kWh 

Battery cost per bus 1.75 MSEK 1.05 MSEK 

Number of batteries 98 175 

Grid connection costs 40.6 MSEK 

Number of grid connections 3 (one for each depot) 
 

Table 16. Total costs in scenario 1. 

Total costs Scenario 1 

Chargers 94.5 MSEK 

Batteries 355.3 MSEK 

Grid connections 40.6 MSEK 

Total 490.4 MSEK 

 

4.2 Scenario 2 – End station charging combined with depot charging 
In this scenario, the buses charge both at the depot and at the end stations. The three depots will 

have maximal loads as given in Table 17. Every route needs two off-board chargers, one at each 

end station, and every bus need its own on-board charger. There have to be enough charging 

stations in the depot such that all buses, except for reserve buses that are assumed possible to 

charge at other times, can charge at the same time. This results in the parameters given in Table 

18 for scenario 2. For details of power levels at each charging station, see Appendix A. 

Table 17. Maximal power need of the depots in scenario 2. 

 Söderhallen Hornsberg Frihamnen 

Maximal power need 865 kW 955 kW 289 kW 

The average distance between the charging 

station and the closest substation was found to 

be 430 meters, resulting in distance related 

costs of 64.1 MSEK. 22 of the 37 non-depot 

connections to the grid required new 

substations to be built, which corresponds to 

new substations for 59 % of the connections. 

Some grid connections are shared between 

different routes, and therefore more chargers 

than grid connections are needed. The average 

cost for the new station, excluding the cost for 

the depot connections, was 460 000 SEK. In this scenario, the available capacity for connection 

at Söderhallen depot was enough to cover the demand, while Hornsberg and Frihamnen needed 

new substations for 1.9 respectively 0.6 MSEK. In total, the cost for upgrades was found to be 

12.6 MSEK. The on-board charger used for charging in the depot is designed for quite low 

powers, and for the red buses the highest power is only 7 kW. This is lower than the assumed 

Figure 20. The distribution of the costs for batteries, 

chargers and grid connections in scenario 2. 
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interval used to estimate the cost, and the cost per charger is therefore set to 20 000 SEK for 

the red buses and 23 000 SEK for the blue buses. The charging power is lower than with only 

depot charging, and thus the currents are lower as well. This means that the cost will be divided 

between the connecting company and the grid owner. The main focus of this case study is the 

total cost, and therefore it is not investigated further exactly how this distribution is made. The 

same applies to the cost for building the new substations. However, it is possible that the public 

transport authority will choose to be the owner of the substations and thus carry the complete 

cost. The total costs in scenario 2 are shown in Table 19, and the cost distribution between 

batteries, chargers and grid connections are illustrated in Figure 20.  

Table 18. Summary of parameters in scenario 2. 

 Blue buses Red buses 

Charging power at bus stations Up to 372 kW Up to 187 kW  

Cost per charger at bus stations 

(off-board) 
Up to 1.86 MSEK  Up to 0.93 MSEK  

Number of chargers at bus 

stations 
8 37 

Charging power at depot 15 kW 7 kW 

Cost per charger station at depot 60 000 SEK 60 000 SEK 

Number of charging stations in 

depot 
88 158 

Cost per on-board charger 23 000 SEK 20 000 SEK 

Number of on-board chargers 98 175 

Battery capacity 85 kWh 65 kWh 

Battery cost per bus 212 500 SEK 162 500 SEK 

Number of batteries 98 175 

Grid connection costs 79.0 MSEK 

Number of grid connections 40 (3 at depots) 
 

Table 19. Total costs in scenario 2. 

Total costs scenario 2 

Chargers 68.9 MSEK 

Batteries 49.3 MSEK 

Grid connections 79.0 MSEK 

Total 197.2 MSEK 

4.3 Scenario 3 – Currently available technology 
In this scenario the conditions are set by the current and near future technology. The power 

demands for the depots are given in Table 20, and all depots need a new substation. As in 

scenario 2, the currents at the depots will be smaller and therefore the cost will be divided 

between the grid company and the connecting company. For details of power levels at each 

charging station, see Appendix A. 

Table 20. Maximal power need of the depots in scenario 3. 

 Söderhallen Hornsberg Frihamnen 

Maximal power need 1 818 kW 1 890 kW 720 kW 
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Since the charging power is limited to 180 kW in this scenario, there exists a need to charge 

along the route for the blue buses. The red buses use only the end stations to charge, but with 

the result of lower SOC during the day for the longest routes. The resulting parameters are 

shown in Table 21. In this scenario, all three depots as well as 27 of the 44 other grid 

connections requires new substations to be built. Thus, 61 % of the connection points require 

new substations. For the non-depot connections, the average cost for upgrades is almost 580 

000 SEK, while the cost for Söderhallen, Hornsberg and Frihamnen is 3.6, 3.7 and 1.4 MSEK, 

respectively. The average distance between the charging station and the substation is 

approximately 434 meters, and the total distance related cost is 71.9 MSEK. The total cost for 

connections and upgrades is 99.9 MSEK.  

The number of stations with chargers is 15 for 

the blue buses and 31 for the red buses, and 

since several routes are sharing charging 

stations they can share connection to the grid 

but not the charger, resulting in more chargers 

than grid connections. For the bus stations with 

chargers that are not end stations, it is assumed 

that charging can occur in both directions 

simultaneously, and two chargers are therefore 

needed at these stations. The total costs in are 

shown in Table 22, and the cost distribution 

between batteries, chargers and grid connections 

are illustrated in Figure 21. 

Table 21. Summary of parameters in scenario 3. 

 Blue buses Red buses 

Charging power at bus stations Up to 180 kW  Up to 180 kW  

Cost per charger at bus stations 

(off-board) 
Up to 0.9 MSEK  Up to 0.9 MSEK  

Number of chargers at bus 

stations 
26 37 

Charging power at depot 11 kW 11 kW 

Cost per charging station in 

depot 
60 000 SEK 60 000 SEK 

Number of charging stations in 

depot 
88 158 

Cost per on-board charger 23 000 SEK 23 000 SEK 

Number of on-board chargers 98 175 

Battery capacity 120 kWh 120 kWh 

Battery cost per bus 300 000 SEK 300 000 SEK 

Number of batteries 98 175 

Grid connection costs 99.9 MSEK 

Number of grid connections 47 (3 at depots) 

 

  

Figure 21. The distribution of the costs for batteries, 

chargers and grid connections in scenario 3. 
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Table 22. Total costs in scenario 3. 

Total costs scenario 3 

Chargers 93.4 MSEK 

Batteries 81.9 MSEK 

Grid connections 99.9 MSEK 

Total 275.2 MSEK 

4.4 Summary 
The summary of the costs in each scenario is given in Table 23.  

Table 23. Summary and comparison of the costs in each scenario. 

Scenario 
Charger 

costs 
Battery costs 

Grid connection 

costs 
Total costs 

1 (depots only) 94.5 MSEK 355.3 MSEK 40.6 MSEK 490.4 MSEK 

2 (end stations + 

depot) 
68.9 MSEK 49.3 MSEK 79.0 MSEK 197.2 MSEK 

3 (current technology) 93.4 MSEK 81.9 MSEK 99.9 MSEK 275.2 MSEK 

4.5 Mora 
The case of Mora is summarized in Table 24, and includes 6 bus stops with in total 8 chargers 

combined with depot charging. The average distance between closest substation and charging 

station was 124 meters, and it was assumed that all connections required new substations since 

the maximal load was not known. This results in the parameters given in Table 24, and the total 

cost for this system is given in Table 25.  

Table 24. Summary of the parameters for Mora. 

 Result 

Charging power at end stations Up to 100 kW 

Cost per charger at end stations Up to 0.25 MSEK  

Number of chargers at end stations 8  

Charging power in depot 10 kW 

Cost per charging station in depot 60 000 SEK 

Number of charging stations in depot 10 

Cost per on-board charger 2 000 SEK 

Number of on-board chargers 12 

Battery capacity 140 kWh 

Cost per battery 325 000 SEK 

Number of batteries 12 

Number of grid connections 7 
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Table 25. Summary of the cost for the case of Mora. 

Total costs for Mora 

Chargers 3.1 MSEK 

Batteries 4.2 MSEK 

Grid connections 11.2 MSEK 

Total 18.5 MSEK 
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4.6 Sensitivity analysis 
The energy consumption considered for the buses in the case study includes auxiliary services 

to a high but normal extent. However, the system may not be designed to cover for the worst 

case scenario. This could be for example during a cold winters day in Sweden, when the heating 

system is needed at its maximal level. To show how this could influence the result of the case 

study, a very high energy consumption of 2.5 kWh/km for the blue buses and 2 kWh/km for the 

red buses is considered. The three scenarios are treated separately, with focus on the main 

differences in the result.  

4.6.1 Scenario 1 

In this scenario, charging only at the depots is considered. With the higher energy consumption 

of 2.5 and 2 kWh/km for the blue and red buses, the required battery capacity is 900 and 570 

kWh, respectively. The charging power for each blue bus is almost 158 kW, and for each red 

bus 67 kW. This results in battery costs of 469.9 MSEK and charger costs of 122.5 MSEK. The 

total cost for grid connections, including the new substations at the depots, will be almost 46.8 

MSEK. Thus, the total costs will in this case be 639.1 MSEK. This corresponds to 30 % higher 

costs than if the energy consumption for the buses was less. The cost with normal respectively 

high energy consumption is compared in Table 26. 

Table 26. Comparison of the costs in scenario 1 with normal energy consumption and high energy consumption. 

 
Normal energy 

consumption 
High energy consumption 

Charger costs 94.5 MSEK 122.5 MSEK 

Battery costs 355.3 MSEK 469.9 MSEK 

Grid connection costs 40.6 MSEK 46.8 MSEK 

Total costs 490.4 MSEK 639.1 MSEK 

4.6.2 Scenario 2 

In this scenario, depot charging combined with fast charging at end stations is considered again. 

The maximal power level that will be used is almost 465 kW for the blue buses and 246 kW for 

the red buses, and the total costs for chargers will be 83.3 MSEK. The required battery capacity 

for each blue bus is 103 kWh and for each red bus 83 kWh, which results in total battery costs 

of 61.5 MSEK. The grid connection costs will be 84.4 MSEK. The total costs in this case is 

thus 229.3 MSEK, which corresponds to an increase of 16 %. The cost with normal respectively 

high energy consumption is compared in Table 27. 

Table 27. Comparison of the costs in scenario 2 with normal energy consumption and high energy consumption. 

 
Normal energy 

consumption 
High energy consumption 

Charger costs 68.9 MSEK 83.3 MSEK 

Battery costs 49.3 MSEK 61.5 MSEK 

Grid connection costs 79.0 MSEK 84.4 MSEK 

Total costs 197.2 MSEK 229.3 MSEK 

4.6.3 Scenario 3 

In this scenario, the capacity of the battery is limited to 120 kWh, and the maximal charging 

power at end station is 180 kW. When the energy consumption of the buses is increased, the 

selected charging stations will not be able to supply the buses with enough energy during the 

day. SOC will then drop below the lower limit, as shown for route 1 with red color in Figure 

22. It is therefore necessary to add charging stations at other stops as well. The resulting SOC 

level for route 1 is shown with blue color in Figure 22. The additional stations for the complete 
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system are shown in Table 28. Some of the stations were used already with lower energy 

consumption for the buses, but now additional buses are required to charge here. Thus, the total 

charging power will be higher. In this case, the number of connection points will be 52 instead 

of 47, and 33 of these connections require new substations to be built (including the 3 depots). 

The location of all charging stations are shown in Figure 23. 

 

Table 28. Summary of the additional bus stations chosen for charging. 

Stations Time 

Odenplan 50 s 

Östra Station1 50 s 

Slussen1 90 s 

Stureplan1 30 s 

Cityterminalen1 40 s 

Centralen1 30 s 

Stadsbiblioteket 30 s 

S:t Eriksplan1 40 s 

Fleminggatan 30 s 

Skanstull 50 s 

Hötorget 60 s 
1The station was used already with lower energy consumption, but now additional buses will use it for charging. 

 

 

Figure 22. SOC vs. distance for route 1. The red graph shows how SOC changes if the energy consumption is higher 

while the charging stations are the same as when the energy consumption is lower. The blue graph also shows SOC with 

higher energy consumption, but here additional charging stations are used to keep SOC within allowed limits. 
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Figure 23. All charging stations considered in scenario 3 with higher energy consumption for the buses. The crosses 

represent stations where a charging station has been added, while the diamond shows bus stations where additional 

chargers have been added. 

The battery cost will not be affected by the increased energy consumption, since the same 

batteries are used. However, the charger cost will be increased to 131.1 MSEK and the grid 

connection cost will increase to 108.7 MSEK, resulting in total costs of 321.6 MSEK. The cost 

with normal respectively high energy consumption is compared in Table 29.  

Table 29. Comparison of the costs in scenario 3 with normal energy consumption and high energy consumption. 

 
Normal energy 

consumption 
High energy consumption 

Charger costs 93.4 MSEK 131.1 MSEK 

Battery costs 81.9 MSEK 81.9 MSEK 

Grid connection costs 99.9 MSEK 108.7 MSEK 

Total costs 275.2 MSEK 321.6 MSEK 

4.6.4 Summary 

The total costs with normal energy consumption and with higher energy consumption for the 

three scenarios are shown in Figure 24. It can be seen that the largest increase is obtained in 

scenario 1, and in scenario 2 and 3 the increase is smaller. However, the increase is relatively 

small and thus the total cost is quite stable for increased energy consumption. 
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Figure 24. Total costs in the three scenarios, with higher energy consumption and with normal energy consumption. 
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5 DISCUSSION AND CONCLUSIONS 

In this section, the discussion and analysis of the result as well as the conclusions from the case 

study is presented. Finally, some further work is suggested. 

5.1 Discussion 
The result for the costs investigated in this study is summarized again in Table 30. The cost 

distribution between batteries, chargers and grid connections are shown for all three scenarios 

in Figure 25. 

Table 30. Summary of the results from the case study of Stockholm. 

Scenario 
Charger 

costs 
Battery costs 

Grid connection 

costs 
Total costs 

1 (depots only) 94.5 MSEK 355.3 MSEK 40.6 MSEK 490.4 MSEK 

2 (end stations + depot) 68.9 MSEK 49.3 MSEK 79.0 MSEK 197.2 MSEK 

3 (current technology) 93.4 MSEK 81.9 MSEK 99.9 MSEK 275.2 MSEK 

 

Figure 25. The distribution of the costs for batteries, chargers and grid connections in scenario 1, scenario 2 and scenario 

3. 

The result from the case study shows that electrification of the bus system of Stockholm is 

possible, and that it can be done without extreme costs. The technology available today or 

within near future fulfils the requirements of the bus system.  

Looking at the total cost for the three charging strategies, it can be seen that scenario 1 with 

depot charging only is the most expensive strategy with a cost of 490.4 MSEK. The depot 

charging combined with end stop charging in scenario 2 gives a total cost of 197.2 MSEK, and 

the currently available technology in scenario 3 results in 275.2 MSEK. This can be compared 

to the budget for traffic investments of Stockholm Stad, which for 2016 planned for costs of 

1 866 MSEK and revenues of 1 104 MSEK [46]. Based on the number of blue and red buses 

together with the total driven distance during one year of operation, the total cost for diesel can 

be estimated to 65 MSEK. This is obtained assuming 10 SEK/litre diesel and 55 and 45 litre/100 

km for the blue and the red buses, respectively. This cost may vary a lot, since the price of the 

fuel varies over time but also depending on location. If electricity is used instead, the energy 

demand would in total be 22 GWh. Assuming electricity cost of 90 öre/kWh results in a total 

cost of 20 MSEK every year. This cost includes taxes and transfer fees, and is based on the 

average electricity price in April 2016 [47] together with transfer fee from [48]. The comparison 

is illustrated in Figure 26. However, it is likely that the electricity cost will be less in reality, 

since companies may have more profitable contracts than private consumers, especially when 

owning the substation. With the prices given as in [49] by Ellevio AB in Stockholm, the total 

electricity cost per year is estimated to 11, 12.7 and 13.5 MSEK for scenario 1, 2 and 3, 

respectively. Based on these costs, electrification could be economically feasible within near 

future. 

Scenario 2 Scenario 3 Scenario 1 
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Figure 26. The total cost in the three scenarios, compared to the cost of gas, diesel and electricity for one year of 

operation. 

The results also shows that the costs for batteries when using only depot charging is very large; 

73 % of the complete cost. A prediction of battery prices until 2020 indicates possible reduction 

with up to 30 % [11], which would result in total cost of 383.8 MSEK for only depots charging, 

of which 248.7 MSEK would be for the batteries. In order to achieve the same total cost as 

scenario 3, where already available technology is considered, the battery cost need to decrease 

with 60 %. According to the same prediction, this decrease is larger than the most positive 

scenario of prices in 2025. Thus, it is more likely that combining depot charging with fast 

charging at selected stations will continue to be more profitable. 

Comparing scenario 2 and 3 shows that the cost decreases with the number of connections, but 

the reduction is rather small and may be even less if the charger locations of scenario 3 are 

optimized. However, the cost for the additional charging stations of scenario 3 is larger than the 

increased cost due to the high charging levels used at some end stations in scenario 2. This is 

most likely due to limited capacity in the additional substations that should be connected to, 

and it is probable that this cost can be decreased by more efficient planning of the charging 

stations. To distinguish between scenario 2 and 3 and to achieve electrification in an efficient 

manner, the lifetime of the components and the total cost of ownership should be investigated. 

It is probable that this will have a significant impact on the total system cost. 

To use fast charging at end stations during operation creates sharp peaks in the grid. This could 

lead to local voltage variations that may affect other customers connected to the same substation 

or closely located substations. However, this is not investigated further in this thesis. Regarding 

the balancing of generation and consumption in the grid with these sharp peaks, it is reasonable 

to assume that the effects are rather small compared to the total load and that this can be handled 

by the system. There is also a possibility to use supercapacitors, as ABB are doing in a project 

in Switzerland. The supercapacitors are used as extra energy storage between the grid and the 
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bus battery, and make it possible to extract the energy from the grid during a longer time and 

then charge the battery with up to 400 kW during a short time. On the other hand, this might be 

expensive and it is possible that it is more profitable to decrease the charging power to a level 

that the does not affect the grid significantly. If all chargers are assumed to be used at the same 

time, the maximal load of 14.6 MW would happen in scenario 3. This will be distributed 

amongst the different substations. The total maximal load in the grid area SE03, which includes 

both Stockholm and other parts of Sweden, was 8 GW (8 000 MW) and the total energy 

consumption was 82 GWh (82 000 MWh) in 2015 [50]. Based on this, it is reasonable to assume 

that the available power will be enough. For depot charging, the load will be stable and only 

during the night, when the electricity consumption in general is low. This will thus not be a 

problem for the grid. 

The possibilities for electrification of complete bus systems varies depending on the structure 

of both the bus system and the electric grid, and when investigating costs for electrification of 

the bus system it is important to compare the costs in relation to the number of passengers and 

the utility that is achieved. The costs for Mora is for example less than for Stockholm, but when 

relating the costs to the number of passengers the cost is lower for Stockholm. If the analysis is 

carried out for a larger European city, with presumable well developed and strong grid, the cost 

could be even less if compared to the number of passengers. It is also possible that it is easier 

to adjust the bus system in a larger city. The system of Mora might be less flexible since the 

number of buses is less, and the possibility to adjust the end stops or the waiting time may be 

more limited. Also, an additional bus creates a cost that is a larger part of the complete system 

cost than the additional cost for an extra bus in a larger city.  

The energy consumption for the buses are assumed to reasonable values including normal to 

high usage of auxiliary services and electric heating, but may not be enough to cover the worst 

case scenario. From the sensitivity analysis it can be seen that designing the system for higher 

energy consumption will increase the cost, but the increase will be rather small. The increase 

of the cost is highest for the scenario with only depot charging, and lowest in the case of depot 

charging combined with end stop charging. What is also worth noticing regarding the sensitivity 

analysis is that the system already could handle increased energy consumption during specific 

times, while the sensitivity analysis treats the case with increased energy consumption at all 

times. In scenario 1, it is also possible that the energy consumption may be slightly higher 

compared to the energy consumption in scenario 2 and 3. The reason is the increased weight 

that comes with very large batteries. 

5.2 Limitations of the case study 
As can be seen from the case study, electrification using already available technology is 

possible, and to a reasonable cost. On the other hand, the case study carried out in this thesis 

includes simplifications and some costs are excluded. The aim of this section is to highlight 

these areas and how they would affect the results. 

One main assumption that is used in the case study is that the charging time is already available 

in the time schedule for the buses. If this is not true, additional buses might be needed to cover 

for the time when the buses are standing still. The worst case scenario is if the real time available 

is zero. Then the total charging time during the day have to be compensated for by additional 

buses. Assuming that the buses charge one time per one-way trip, as in scenario 2, results in 

total charging time of approximately 350 hours every day, and in order to fully compensate for 

this 14 new red buses (18 hours a day per bus) and 5 new blue buses (20 hours a day per bus) 
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would be needed. The total cost would thus increase with the cost for these buses. However, it 

is likely that the time available in reality is somewhere between these two scenarios. 

Furthermore, it is assumed that the complete stop time is available to use for charging. In reality, 

time is lost when the charger connects and disconnects to the bus. 

Another cost that is excluded in the case study is the cost of decreased revenue for the operator 

when loosing passenger capacity due to heavy batteries. This is not a problem when combining 

depot charging with fast charging at stations, but with the large batteries in the case of only 

depot charging this will have a significant impact. 700 and 420 kWh, for blue and red buses 

respectively, result in a total weight of 4.7 and 2.8 tons assuming an energy density of 150 

Wh/kg. The net weight increase compared to a conventional bus can be estimated to 3.2 

respectively 1.3 tons, assuming that the combustion engine and other required components have 

a weight of approximately 1.5 tons. Assuming an average weight per passenger to be 75 kg 

results in a decrease in passenger capacity of 43 and 13 for blue and red buses. If these values 

are rounded downwards, up to 40 passengers are lost for every departure of a blue bus and up 

to 10 passengers are lost for every red departure. This corresponds to a reduction of 

approximately 40 % for the blue buses and 13 % for the red buses, and would therefore require 

40 resp. 13 % additional departures in order to carry the same number of passengers. In total, 

the number of departures a day will increase with approximately 570 for the blue routes and 

330 for the red ones. This is worst case scenario, when all departures are assumed to carry the 

maximal numbers of passengers. This is not the case in reality, and the number of extra 

departures should be less than this. Still, in the worst case more than one extra route for both 

types of buses is needed, which would significantly increase the cost for the same number of 

passengers. 

The investment cost for the actual electric bus is also excluded in the study. If all conventional 

buses are to be replaced at the same time, this cost will be very large. Since electrification is a 

process that is likely to start with some routes and then gradually include more routes until the 

system is fully electrified, it is reasonable to think that the investment cost for electric buses 

will be similar to the investment costs for new conventional vehicles. This is something that 

should be included in a total cost of ownership analysis.  

5.3 Conclusions 
The charging strategies analysed in the study is possible to implement, and the result shows that 

grid connection cost will be a significant part of the total costs. However, the total cost is not 

that large, and the feasibility of the investment depends to a large extent on the battery cost and 

the battery life time. When considering only costs for chargers and grid connections, it is 

cheaper to charge at few points, such as only in the depot. On the other hand, this requires very 

heavy and expensive batteries, and it is not likely that this will be profitable. It is therefore 

probable that a combination of depot charging and fast charging at selected bus stations will be 

most profitable.  

The result shows that it is possible to use the current technology to electrify the bus system of 

Stockholm, and with modifications to the bus system it is reasonable that the charging 

infrastructure can be structured in a more efficient way. The estimated cost in this thesis does 

not include project costs for planning and coordinating the process of electrification, which will 

increase the cost. It is also necessary to investigate the possible locations of the new substations 

of the system, since the limitations regarding location and space could be limiting the 

electrification process or delay it. 
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5.4 Further work 
The aim of this thesis was to estimate the total investment cost for a charging infrastructure for 

a system of city buses. The next step may be to investigate the total cost of ownership for an 

electrified system, including costs for electric buses, electricity and maintenance. If possible, 

the project and coordinating cost for the electrification process could be included. It may then 

also be possible to investigate different ways to adjust and optimize the bus system operation 

in order to make it more suitable for electrification. Parameters that may be varied are for 

example the time in the depots, charging time at end stations, breaks during the day, etc.  

It is also interesting to look further in to the possibilities to actually build the desired substations 

for the charging infrastructure. To plan the extensions and to obtain permission for building the 

stations may be long and time consuming, and it is possible that this can be a limiting factor 

regarding when electrification can be finalized. The possibilities to use only medium voltage 

connection could also be investigated to compare the total costs. 

Finally, a full simulation study of the grid effects and the load profile at each substation with 

connected chargers would be very interesting. It could then be possible to draw conclusions 

regarding voltage variations and disturbances. 
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7 APPENDIX A 

In this appendix, the charging power at each station with a charger is presented in Table 31. 

Here, the differences in power levels, in kW, for every charging station in the three scenarios 

is easily seen. 

Table 31. The charging power at each bus station in the three scenarios. The power is given in kW. 

Station Scenario 1 Scenario 2 Scenario 3 

Frihamnsporten - 312 180 

Sveaplan - 239 180 

Karolinska sjukhuset - 572 454 

Radiohuset - 372 180 

Moa Martinsons torg - 299 299 

Kulturskolans hus - 175 175 

Reimersholme - 275 275 

Motalavägen - 155 155 

Essingetorget - 419 327 

Tengdahlsgatan - 310 310 

Malmgårdsvägen - 152 152 

Cityterminalen - 44 44 

Skansen - 187 180 

Karolinska institutet västra - 271 271 

Karlbergs station - 97 97 

Ropsten - 251 251 

Krukmakargatan - 106 106 

Ljusterögatan - 142 142 

Barnängen - 239 180 

Södersjukhuset - 298 180 

Gullmarsplan - 372 180 

Lektorstigen - 169 169 

Finnberget - 175 175 

Rindögatan - 137 137 

Tanto - 155 155 

Nordenflychtsvägen - 147 147 

Fredhäll - 152 152 

Ruddammen - 131 131 

Kastellholmsbron - 44 44 

Frösundavik - 187 180 

Blockhusudden - 162 162 

Östhammarsgatan - 97 97 

Sickla köpkvarter - 106 106 

Liljeholmen - 103 103 

Värtavägen - - 720 

Fridhemsplan - - 720 

Slussen - - 720 

Södra station - - 360 

Stureplan - - 360 

S:t Eriksplan - - 360 

Östra station - - 360 

Karlaplan - 168 168 
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Henriksdalsberget - 158 158 

Centralen - 146 146 

Hornsberg 8700 955 1890 

Frihamnen 2450 289 720 

Söderhallen 7750 865 1818 
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