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ABSTRACT 

The use of electric vehicles in the public transport system of Iceland could contribute 

to achieve the government´s commitment of reducing CO2 emissions. The aim of 

this work is to determine the feasibility of converting the current diesel buses into an 

electric vehicle fleet. The study presents the analysis made to ten routes of the public 

system that operate in the Capital Area of the Country. Three different electric 

vehicle technologies were proposed to replace the current fleet of those ten routes. 

The simulation of the energy consumption from these technologies as well as their 

equivalent diesel version was made. The economic analysis for each technology and 

its respective diesel version was carried out. The results suggest that the proposed 

electric vehicles could replace the diesel buses without altering the current service 

provided by the public transport. The only obstacle for implementing electric 

vehicles is the high economic cost related to the battery lifetime of each technology. 
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1 Introduction 

The goals stated for the Iceland´s Climate Change Strategy mention that by the year 2050 the 

green house gases (GHG) emissions should be reduce by 50-70% [1]. Among other strategies 

Iceland is looking to minimize the use of fossil fuel in favor of renewable energy and climate-

friendly fuel. Fig. 1[2] shows the  Icelandic GHG emissions by sector, being industrial 

processes and the energy sector the major emitters  

 

Fig. 1 Greenhouse gases emissions by UNFCCa sector in 2011[2] . 

    r in  t  t e   elan   s  ift   ati nal   mmuni ati n  n  limate   an e[3] and the 

Icelandic National Inventory Report[2], CO2 is the largest contributor (76%) to the total GHG 

emissions without LULUCF
b
 as shown in Fig. 2. 

 

Fig. 2 Distribution of emissions of greenhouse gases by gas in 2011 [2]. 

  

                                                 
a United Nations Framework Convention on Climate Change 

b Land Use, Land-Use Change and Forestry  
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The three main sources of CO2 emissions are industrial processes, road transport and 

commercial fishing as can be seen in Fig. 3. 

 

Fig. 3 Distribution of CO2 emissions by source in 2011 [2]. 

The emissions from road transport have increased by 56% since 1990, and since 1990 the 

vehicle fleet in Iceland has increased by 143%[2]. Taking into account the figures and 

percentages mentioned above, the transport sector offers an excellent option for Iceland to 

reduce GHG emissions as CO2 from fuel consumption would be reduced.  The use of 

alternative fuels and the introduction of electric vehicles (EV) into the Icelandic fleet has been 

considered in order to reduce GHG emissions and reduce costs. The transition to an EV fleet 

is a slow process that could not be reached overnight. It could be much easier to obtain the 

CO2 emission reduction from a particular fleet such as the public transport rather than from a 

hypothetical case where every Icelandic citizen would buy an EV.  For the public transport 

fleet the feasibility of using hydrogen, bio-fuel and methane buses has already been studied. 

No previous studies have been made regarding the usage of pure electric city buses around the 

City even though that the Icelandic electricity generation comes from geothermal (27%) and 

hydropower (73%) renewable energy sources.  The aim of this project is to determine the 

feasibility of converting the current public transport system Strætó into an EV fleet. For this 

purpose it is important to take a look into the current Icelandic electricity generation capacity 

and the estimates for the future electricity generation. Appendix 1 shows the yearly electricity 

generation estimates until 2050. The annual electric generation was 17,549 GWh for 2012 

with a consumption of 16,693 GWh according to the Statistics Iceland data[4]. 

1.1  Icelandic Public Transport System 

According to the maps and schedule section from the Strætó website[5] the public transport 

system runs 51 routes along the Country. The system is divided into Reykjavík-Capital Area, 

South Iceland, North and Northwest Iceland, North and Northeast Iceland, Akureyri, and 

Reykjanes. The bus routes can be divided into four categories according to the scope of its 

services. The red line (routes 1-6) runs along populated and commercial areas. The green line 

(routes 11-19) goes through the populated district capital and it is connected to the red line. 
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The routes within the blue line are split into two subgroups, routes 21-44 run in the 

metropolitan area and they are connected with the red and green lines. Routes 51-84 go in to 

the countryside, south, west, north and northeast. The operating hours start at 6:30 on 

weekdays, on Saturdays the service starts at 7:30 and on Sundays the first trip is at 11:30. Last 

trip goes around midnight and the schedule depends on each route. The complete timetable is 

available at the Strætó website, a map with the routes is shown in Appendix 2. In the Capital 

Area, the buses operate from nine terminals; Hlemmur, Lækjartorg, Ártún, Mjódd, Spöngin, 

Hamraborg, Fjörður, Ásgarður, and Háholt [6]. The current fleet is made up with different 

diesel buses with the majority from the SCANIA manufacturer, there are also two buses 

running with compressed natural gas (CNG). Three bus depots keep the buses through the 

night, one is located in Hestháls 14, other is on Melabraut 18 and the last one is in Vesturvör 

34.  

1.2 Projects Carried Out Concerning Switching Current Fleet 

To the present some projects have been developed to try to leave behind the use of fossil fuel 

within the public transport in Iceland. Some of the projects are real-world experiments while 

others are computer based simulation studies. The most relevant project is the Ecological City 

Transport System (ECTOS) from Icelandic New Energy Ltd.[7]. ECTOS main objective was 

to construct a hydrogen fuelling station and feed three hydrogen fuel cell busses in the public 

transport fleet of Reykjavik for a test period of 2 years [8]. The second stage of this project 

was called HyFLEET: CUTE with the goal of developing the next generation of hydrogen 

buses. After four years of successful operation the busses were removed from service and the 

project was stopped [7]. According to the National Energy Agency [9], there is a project for 

biodiesel production from Mannvit in Akureyri, the northern part of the country. The goal is 

to utilize waste, vegetable oil, and animal fat as the feedstock for the biodiesel production and 

blen  it wit   iesel f r p werin   kureyri’s publi  transp rt. Methane collected from the 

waste yard at SORPA, the waste management company from Reykjavik Capital Area, has 

been used since 2003 as fuel for transport. In 2006, Strætó introduced two CNG Scania buses 

that uses upgraded bio-methane (gas) [10]. 

Regarding the simulation studies it is of main interest to mention Hauksson study [11] where 

the author explains how does the EVA System, an energy consumption model for electric 

vehicles, work. Other important, interesting, and relevant studies related to the aim of this 

project written by Hauksson[12], [13]  and Shafiei[14], [15], [16], [17]  are worth mentioning 

as they represent a good compliment to this study. The referenced studies set the starting point 

to introduce EVs in Iceland. At the same time they show an optimistic future for the share of 

EVs in the Icelandic fleet according to the forecast made until the year 2030. 

1.3 Electric Vehicles 

As mentioned in previous sections, improvements within the transport sector are needed to 

achieve a reduction on the CO2 emissions from the internal combustion engine vehicles 

(ICE), therefore electrification of this sector would represent an opportunity to reach that goal. 
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It is possible to refer to an electric vehicle (EV) as a vehicle that at some degree is powered by 

electric energy.  There are different types of EV with variations on their configurations and 

performance. Fig. 4 shows the different type of vehicles according to their energy source and 

their propulsion device.  

 

Fig. 4 Schematic representation of different degree of electrification of vehicles [18]. 

For the study of an EV it is important to consider the propulsion force that affects the vehicle 

performance. The total propulsion force is the sum of all the forces acting on the vehicle while 

it is in motion as exemplified in Fig. 5 [19]. The propulsion unit of a vehicle should overcome 

these forces in order to drive from one point to another at a certain velocity. The propulsion 

power can be calculated according to Eq. 2 and is derived from Eq. 1, which expresses all the 

acting forces described in Fig. 5. Ft refers to the total traction force of the vehicle, M is the 

total mass of the vehicle and  represents its acceleration while  is a mass factor; g is the 

gravity acceleration constant, Crr and Cd are the rolling resistance coefficient and the drag 

coefficient respectively. The angle  represents the possible inclination of the vehicle due to 

the difference of elevation between two locations, A is the frontal area of the vehicle. V is the 

vehicle speed and Vw is the wind speed. The detailed explanation of Eq. 1 and Eq.2 is 

included in Appendix 3A. 

a fm

q
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Fig. 5 Total propulsion forces acting on a vehicle [19]   

 

 

 

 

Nowadays there are different types of EVs which main difference relies on the degree of 

electrification of the propulsion system. According to the configuration of the transmission 

elements and the propulsion unit, that together are known as the drivetrain[20], electric 

vehicles receive different names. The three main drivetrain technologies are known as battery 

electric vehicles (BEV), hybrid electric (HEV) and fuel cell electric (FCEV). The FCEV is 

not considered within this study, as the direct use of electricity to power the vehicles is 

preferred over the characteristic fuel cell conversion process from the FCEV. 

1.3.1 Battery Electric Vehicles (BEV) 

 A BEV is 100% powered by electric energy, typically with a large electric motor and a large 

battery pack. Fig. 6 shows the common rear-wheel drivetrain configuration of an EV.  

 

Fig. 6 Typical rear-wheel drivetrain configuration of an electric vehicle [20]. 

 

Eq. 1 

Eq. 2 
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1.3.2 Hybrid Electric Vehicle (HEV) 

A HEV is a vehicle in which at least one of the energy sources, storage, or converters can 

deliver electric energy [20]. HEV´s have both an electric and an internal combustion engine 

that allow them to provide extended range.  

1.3.2.1 Series Hybrid  

In a series hybrid configuration the electric motor provides the propulsion power. It has an on-

board internal combustion engine, which drives a generator in order to supplement the 

batteries and charge them whenever they go under certain state of charge (SOC). This 

configuration is shown in Fig. 7 

 

Fig. 7 Series HEV drivetrain [20]. 

1.3.2.2 Parallel Hybrid  

In a parallel hybrid configuration as that shown in Fig. 8 the electric and the internal 

combustion engines are connected to the driveshaft so that the propulsion power can be 

supplied by the heat engine, by the battery-motor set, or by the two systems in 

combination[20]. 

 

Fig. 8 Parallel HEV drivetrain.[20] 

1.3.2.3 Series-Parallel Hybrid 

A third configuration of HEV is called the series-parallel hybrid, this configuration can be 

classified as parallel because the parallel structure is retained with the difference that the 

internal combustion engine is also used to charge the batteries[20]. Fig. 9 shows this 

configuration. 
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Fig. 9 Series-Parallel combination HEV drivetrain [20]. 

 

1.3.2.1 Plug-in Hybrid  

A special case of the HEV is the plug-in hybrid electric (PHEV) which has a battery that can 

charge off board by plugging into the grid and enables the vehicle to travel certain kilometers 

solely on electricity. The energy flow on this system is represented in the diagram shown in 

Fig. 10[18]. 

 

 

Fig. 10 Energy flow diagram for a PHEB [11]. 

1.3.3 Batteries for EV 

Besides the drivetrain configuration another relevant factor to take into account when 

choosing an EV is the type of battery that constitutes the battery pack. A battery is a device 

that converts chemical energy into electric energy and vice versa. BEV and HEV have high 

voltage battery packs made up of individual modules connected in series or parallel. A 

module is the arrangement of the smallest possible form of a packaged battery commonly 

known as cells. To distinguish among the different batteries available in the market it is 

important to be familiar with some of the main characteristics that describe the battery 

behavior and performance.  The state of charge (SOC) is the amount of the present battery 

capacity indicated as a percentage of the maximum capacity, it can be calculated with Eq. 3. 

The depth of discharge (DOD) is the percentage of battery capacity that has been discharged, 

also expressed as a percentage of the maximum capacity, Eq. 4 is one way of obtaining DOD. 

The rated capacity of a battery is defined as the total available amperes-hours when it is being 
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discharged at a certain discharge current from its 100% SOC until the minimum allowable 

voltage is reached (cut-off voltage) and it is calculated according Eq. 5.  

 

    
                  

              
 

          

                                                           

The discharge current is described in terms of the C-rate that measures the rate at which the 

battery is discharged relative to its maximum capacity. The discharge current decreases with 

increasing C-rate. A common value for C-rate is 1C-rate (or C) this means that the entire 

battery will be discharged by the discharge current in 1 hour. The energy of the battery is the 

total Watt-hours available when the battery is discharged at a certain discharge current. The 

energy also decreases with an increasing C-rate [21].  According to this a battery rated at 

1000mAh would provide 1000mA for one hour (if discharged at 1C) and it would provide 

500mA for two hours if discharged at 0.5C. At 2C it would deliver 2000mA for 30 minutes 

[22]. The cycle life of a battery is determined by the discharge-charge cycles a battery can 

experience before it fails to meet the specified performance criteria. A higher DOD gives a 

lower lifetime but also, factors such as the temperature and humidity affects the battery 

lifespan. There have been proposed various battery chemistries as the energy source of power 

EV, for example: improved lead–acid, nickel–cadmium, nickel–zinc, NiMH, zinc–bromine, 

zinc–chlorine, zinc–air, sodium–sulfur, sodium–metal chloride, and, later, Li-ion batteries, all 

of them having their own advantages and disadvantages. The concerns regarding GHG and 

fossil energy shortage in recent years have caused to focus on the development of HEV and 

PHEV with the major target of developing BEV. As those vehicles require higher energy 

densities, the Lithium-ion battery (LIB) gives a solution to this issue [19]. According to 

Gereffi [23] LIB batteries are the most suitable existing technology for electric vehicles 

because they can output both high energy and power per unit of battery mass as shown in Fig. 

11. Because it is possible for LIB to be lighter and smaller than the other rechargeable 

batteries, this type is used in electronics devices such as laptops, cell phones and many others. 

Besides these positive aspects, LIB also have high-energy efficiency, no memory effect and 

relatively long life cycle. A table in Appendix 4 shows a comparison among the main 

characteristics for different chemistry type of battery. In the same appendix, a Ragone Plot 

that compares the battery performance characteristics of the batteries is also included.  

  

Eq. 3 

Eq. 4 

Eq. 5 
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Fig. 11 Descriptive performance of three different chemistry batteries according to their power and energy density [23]. 

1.3.4 Proposed Electric Vehicles 

After reviewing the EVs configurations and the type of existing batteries, it is possible to 

consider different options to convert Straetó fleet into EV. Three different vehicles are 

suggested within this section. Their main characteristics and a general description is included 

in order to evaluate the best option depending on the Icelandic necessities. 

1.3.4.1 Electric City Buses 

With the aim of giving a quick start into the electric fleet conversion process the first option is 

the acquisition of electric buses (EB) .The proposed EB for this study is the BYD ebus from 

the Build your Dreams Company (BYD) [24]. The BYD ebus has a lithium iron phosphate 

(LiFePO4) battery pack with a capacity of 324 kWh and long life cycle of 4000 cycles [25], 

the motor maximum power is 180 kW. The charging power is around 60 kW for a regular 

charge that takes 5 hours approximately to reach a full charge. The power for fast charge is 

around 100 kW and takes approximately 3 hours to reach full charge or 30 minutes to have 

50% of charge. The BYD ebus has wheel-hub motor installed in the rear drive axle and is 

assembled with regenerative braking technologies. The rear drive axle system in the BYD 

ebus has no gearbox, no transmission shaft, and no differential mechanism compared with a 

normal motor. This assembly makes possible the direct transmission of the power from the 

motor to the wheels. As a result significant improvements are achieved in transmission 

efficiency and reductions in noise and vibration. Fig. 12 shows the battery configuration in the 

BYD ebus. 
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Fig. 12 Battery configuration in the BYD ebus [26]. 

 

1.3.4.2 Opbrid Busbaar System 

The second option for the public transport system is the Opbrid Busbaar technology. This 

technology requires a fast charging station to transfer large amount of power from the electric 

grid to the bus and it can be placed at the beginning and/or at the end of the desired route [27] 

depending on the transport service necessities. The Opbrid Busbaar currently works together 

with the Plug-in Hybrid Bus (PHEB) based on the Volvo 7900 hybrid with the addition of a 

larger, energy optimized battery and the ultra-fast charging capability [28], but it is also 

suitable for pure electric buses. This technology is being implemented in the Hiperbus project 

in Sweden [29]. The technology was also used for the Umea project[30]. From those two 

projects the characteristics of the bus that works with the Opbrid Busbaar technology were 

taken. The internal combustion motor (ICE) has a maximum power of 161 kW and the 

electric motor has 150 kW of maximum power. According to the Umea Project report two 

options of battery packs could be considered for this bus. The first one is a Lithium Iron 

Magnesium Phosphate (LiFeMgPO4) battery[31] with 100kWh and a life cycle of 2800 

cycles. The second option is a Lithium-Titanate (Li4Ti5O12) battery with a 45 kWh capacity 

and life cycle of 9000 cycles[32]. The charging power is 100kW and 240 kW respectively. 

Fig. 13 shows a picture of a PHEB and the Busbaar charging station. 

 

Fig. 13 Busbaar and hybrid bus at service [33]. 
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1.3.4.3  Trolleybus with Extended Autonomous Range 

The third option is a hybrid trolleybus from a Russian manufacturer with an agreement with 

the Liotech Company for the supply of LIB accumulators that uses nano-structured cathode 

material lithium-ion-phosphate (LiFePO4)[34]. These trolleybuses combine the benefits of a 

common trolleybus system with the possibility of driving certain distance without overhead 

wires (OHW). The battery pack of this vehicle has been improved from its first version of 240 

Ah at 144 volts that allowed the trolleybus to drive 17 km without being plug-in to the OHW. 

The new version is intended to be three times more powerful in order to drive 60km 

approximately [35]. The rated power is around 100 kWh [34],. Fig. 14 shows a picture of the 

Russian trolleybus. 

 

Fig. 14 Picture of the Russian trolleybus[34]. 

2 Methodology 

This section explains the process to determine which routes from the Strætó public transport 

system could use EV according to the proposed technologies. The section also includes the 

description of the interface used to simulate the energy consumption of the different EV 

technologies. 

2.1 Study On Strætó Routes 

For the purpose of selecting the most promising routes to shift the current fleet into EV, the 

22 routes that operate within the Capital Area according to the latest autumn schedule were 

analyzed. Each route was analyzed to determine how many buses run within one route per 

day. Each bus represents a block, and each block is defined by the specific driven distance 

within each route. In some cases a block is conformed by the complete distance of a route 

plus certain distance that belong to other route. The total driven distance of each bus is 

measured with the GPS device installed on the respective bus. With the information of each 

block it is possible to know the exact distance traveled by the bus independently of if it is 

driving the route path or if it is being used to replace other bus during the day. Each block was 

analyzed according to the characteristics of the breaks made through the day. In other words, 

it was determined how many acceptable breaks (all of them longer than 4 minutes) occurred 

during the operating hours of each bus. It was important to know the duration of each break 

and how often they occurred in order to determined the potential charging and as a result 

which type of EV could replace the respective diesel bus. The analysis considered three 
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different days of a week (Saturday, Sunday and Monday) as the operating hours vary 

depending on the day of the week. The Weekdays (Monday to Friday) follow the same 

schedule but Saturdays and Sundays have their own operating hours. The operating hours of 

the whole transport system also vary depending on the season. The autumn period is the one 

that has more trips per day as the buses depart each fifteen minutes from the departing station. 

Besides the driving behavior of the buses, it was necessary to consider the average number of 

passengers per day. As the exact number of women or men that take the buses was not known, 

the average weight was calculated which gives a total of 73 kg. per person boarding the bus. 

To estimate the average weight of the passengers the average weight of Icelandic women (65 

kg.) and men (81 kg.) was taken from the Icelandic Web of Science [36].  

By using the explained criteria it was possible to create groups A, B and C with different 

characteristics. 

2.1.1 Group A 

Group A corresponds to the routes that have the longest breaks between each trip and 

maintain that pattern during the day. The acceptable time break for this group is above 25 

minutes. There are some exceptions where the breaks last longer than one hour and some 

breaks are smaller than 25 minutes. Routes 2 (5 blocks), 4 (7 blocks), and 18(4 blocks) 

conform the group and the three of them belong to the red line of the system. The proposed 

option for this group is the BYD ebus as the fast charger needs to operate around 30 minutes 

to have 50% of a full charge. Appendix 5 shows the graph of the estimated number of 

passengers per hour boarding each bus (block) of the routes from group A. The number of 

passengers on Weekends was not available but it is assumed to be lower than the number of 

passengers during the Weekdays. 

2.1.2 Group B 

Group B correspond to the routes that have longer distance intervals before a 

considerable break occurs or those routes that have repeated break intervals that last no longer 

than 8 minutes. Practically most of the routes could fit in this group. The Opbrid Busbaar 

technology is proposed to run the routes within this group as it gives the possibility of using 

HEV. The HEV would assure a good performance of the buses without worries of running out 

of battery due to the little recharging time and the additional internal combustion engine. Still, 

by following the purpose of this project, five routes that seem to have the best characteristics 

to work with a pure electric vehicle were considered. These routes are 5 (2 blocks), 13 (4 

blocks), 17(3 blocks), 35(1 block), and 43(4 blocks). Route 5 belongs to the red line, routes 13 

and 17 belong to the green line and routes 35 and 43 belong to the blue line of the system. 

Appendix 6 shows a graph with the number of passengers per hour boarding each bus of the 

routes from this group. 
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2.1.3 Group C 

Group C was created for two routes (3 and 6) that belong to the red line and both run on 

Hringbraut, one of the main streets of the City. They travel longer distances before each break 

compared to the other routes and the duration of their breaks is less than 15 minutes in most 

of the cases during the weekdays (Monday to Friday). For this group the hybrid trolleybus is 

proposed. The number of passengers per block for both routes included in Appendix 7.  

2.2 Modeling Chosen Routes  

In order to confirm if an electric vehicle would substitute the current buses from the chosen 

routes, the simulation of the power consumption of the different EV technologies was made. 

To run the simulations the EVA System interface[12] from the RAMP Company[37] was 

used. The interface simulates the power consumption of an EV using as input data GPS data 

gathered for a certain period. The code under which the interface was built on reads GPS data 

to analyze the energy needed to move a mass between locations. It determines if the battery 

pack would supply the required energy to satisfy Eq. 2 from propulsion forces mentioned in 

section 1. In the same way as Eq. 2, this physical model takes into account several factors that 

affect the energy consumption of the bus such as the gravitational force due to altitude, rolling 

resistance, air resistance, and the power consumed by the accessories. To begin the 

simulations it was necessary to create an EV energy simulation model with the same 

characteristics as each one of the proposed EV technologies. A diesel bus was also created in 

the interface, the bus uses 45 liters of diesel per 100 kilometers and emits 1.22 kgCO2/km 

according to the data gathered from Straetó. Then, for each block of the three groups the GPS 

data corresponding to Saturday 12, Sunday 13 and Monday 14 of October 2013 was uploaded. 

The default values for the drag coefficient (.07) and rolling resistance (.007) were taken from 

Hu study [38]. Among the many factors that influence the energy consumption of the bus, the 

weight of the passengers was a priority to consider as the weight of the batteries already 

represents an obstacle to achieve long distances for pure electric vehicles. All the simulations 

were carried out with the manufacturer specified weight (gross vehicle weight, GVW
c
) of the 

respective bus. The simulation energy model also considers a 35% of possible recoverable 

energy by regenerative braking that becomes 28% while considering the 80% efficiency for 

drivetrain, these numbers were obtained from Jon Brynjar from RAMP Company. The power 

consumption of other accessories was assumed as 10,000 Watts (instead of the 350 W for a 

light duty vehicle) after the review of two studies on the field of electric city buses[41],[42] 

which suggest values around 7 and 12 kW. The expression that puts together all the factors 

affecting the vehicle energetic consumption is shown in Eq. 6, Eq. 7 shows the real power 

consumption. The force exerted by the motor is represented with Fmotor. Fbraking represents the 

possible energy gained by regenerative braking. The gravitational force due to the altitude of 

the different position of the bus is represented with Fg, the rolling resistance is Frr and the air 

                                                 
c GVW is the specified maximum operating weight/mass of a vehicle including full load of passengers. It should not be 

confused with curb weight which do not consider the weight of any occupant in the vehicle [39], [40]. 
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resistance is Fair.  The time in seconds between two points at different locations measured 

with the GPS device is represented with . The average velocity of the vehicle between two 

points is  and the power consumed by the electronic and electric devices of the vehicle is 

represented with Paccesories. A detailed explanation for the Eq. 6 can be found in Appendix 3B. 

       (                                 )                                    Eq. 6 

 

Eq. 7 

 

2.2.1 Modeling Group A 

As mentioned before routes 2, 4, and 18 belong to this group all of them stay at night in 

the bus depot located in Hestháls. The first simulation for this routes was made using the 

GVW of 18 000 kg.[43] which represents the full load of the bus. As the curb weight of 

nearly 14,000 kg. was known[44], Eq. 8 was used to determine the maximum number of 

passengers that would be at full load of the bus according to the passenger average weight 

previously found.   

Eq. 8 

 

The calculation gives 61 passengers at full load even though the specifications suggest around 

70 passengers [45]. Possible scenarios for medium and base load were created. Medium load 

was considered as having half of the full load passenger capacity Eq. 9 gives a total weight of 

15,773.5 kg. The base load case was considered for the bus having one fourth of the full load 

passenger capacity Eq. 10 gives a total weight of 14,660.25 kg.  

Eq. 9 

 

Eq. 10 

 

The total number of simulations for this group was 37. Eleven simulations were carried out 

for route number 2, route 4 had fourteen simulations and, twelve simulations were made for 

route 18. 

2.2.2 Modeling Group B 

For this group the GVW (19,000 kg.) and the specified number of passengers (102) from 

Volvo specifications [46] were utilized. In this case, the curb weight was not known. It was 

necessary to define the number of passengers by finding an estimated curb weight using Eq. 

11. The curb weight was compared to that of the BYD ebus in order to have similar values 

taking into consideration that the BYD ebus has higher curb weight because of its bigger 
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battery pack. The weight of the external accessories that allow the electricity connection 

between the bus and the charging unit (the pantographs) is a known value (140kg) [47] and is 

very close to the equivalent weight of two passengers. It was decided to have 90 passengers at 

full load to reach a curb weight of 12,290 Kg. According to these numbers and following the 

same criteria for the possible scenarios as in the previous group, the calculated weight for the 

medium load was 15,715 kg and 14,072.5 kg. was the weight for the base load scenario.  

         Eq. 11 

As two battery packs could be used with the Opbrid Busbaar technology, two different 

configurations on the Volvo PHEV were considered to make the simulations.  

The total number of simulations was 56, two for each block.  

2.2.3 Modeling Group C 

The simulations for this group were based on the specifications of the autonomous 

trolleybus described above. The procedure to find the medium and base load was exactly the 

same as that from the Opbrid bus simulations. According to its specifications the GVW of the 

Trolleybus is 19,178 kg. with a maximum capacity of 111 passengers. It was decided to have 

99 passengers at full load, which gives a curb weight of 11, 811 kg. For the obtained curb 

weight, the weight at medium load resulted to be 15,601 kg. and the weight at base load was 

13,563 kg. The total number of simulations was 27. A special consideration for this group was 

made, as the interface does not simulate the behavior of a trolleybus being connected to the 

OHW. The simulations were made by using the behavior of a pure electric vehicle assuming 

the possibility of charging at the breaks with a power of 90 kW. That power is used to charge 

the electric buses from the same manufacturer of the Trolleybus [48]. Even though the 

trolleybus will not be charging at all the stops (with an acceptable break), it will be receiving 

energy from the grid for at least 8 km. The proposed algorithm for the trolleybus simulation 

for the coming version of the EVA System is shown below.   

Variables: 

Trolley Driving=GPSmessage 

GPSmessage=[1,2,3,4,5,6,7] 

 //1= The bus has driven certain distance 

 //2= The bus has stopped 

 //3= The bus has started to move 

 //4= The engine has been switched off 

 //5= The engine has been started 

 //6= Certain amount of time since last transaction 

 //7= The bus has stopped at bus stop 

Charging=Battery SOC+delta charge 

Battery Capacity= emax 

Battery SOC=emax-Power 

Position_trolley=[lat_trolley;lon_trolley] 

Position_Hringbraut=[lat_Hringbraut;lon_Hringbraut] 

 

Code: 

For Trolley Driving in (1,2,5,7): 

 73 passengersWeightGVWweightCurb spantographestimated
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  while Battery SOC!= Battery Capacity do 

    If  Position_trolley=Position_Hringbraut then 

      Charging=true 

     Else Charging= false 

    end 

   end  

  end  

For Trolley Driving in 4: 

 While Battery SOC!= Battery Capacity do  

  Charging=true 

   Else Charging=false 

  end 

end 

A block diagram representing the recharging behavior of the trolleybus is included in 

Appendix 8. 

 

2.3 Estimation of Battery Lifetime 

With the average values obtained from the simulations and using Eq.12 to Eq. 16 the real 

battery lifetime in years suggested by Bedell´s study [32] for each technology was found. 

 

                       
                       

               
            

  ⁄                Eq. 12   

       
                      

                                  
                 Eq. 13 

                                                      Eq. 14 

                   
          

        
           Eq. 15 

                
              

   
                    Eq. 16 

The average number of operating hours was calculated for each group. Group A operates 11.2 

hours per day, group B operates 10.06 h/day and group C is in service around 11.9 h/day. For 

all the groups it was assumed a number of 10 trips per day.  

2.4 Possible Scenarios for Energy Consumption 

As mentioned in one of the previous sections, the operating hours vary according to the day of 

the week. The difference in the operating hours also occurs in some routes for specific blocks, 

as not all the buses are required after the rush hour has passed. Because of that unequal 

behavior from the routes, and because the weight of the passengers affect the battery cycle 

life, two simulations more were carried out per group (A, B and C). The simulations were 

made for the block on each group that had the highest energy consumption per kilometer 

when the simulation at full load was carried out. The chosen block was simulated with the bus 

having medium and base load. With the new energy consumption per kilometer values it was 
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possible to create three scenarios. The scenarios represent the possibility of having the 

highest, the lowest or the most likely energy consumption per kilometer. In other words, one 

of the scenarios represents the highest energy consumption while having the longest driven 

distance and so, a higher number of trips per day. The second scenario refers to the lowest 

energy consumption with the shortest driven distance with fewer trips per day. The third 

scenario uses the average values from the first two scenarios to have the most likely behavior 

among the routes. 
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Results  

Prior to the simulations being carried out, it was found from the routes analysis that for some 

cases the bus driving during the weekday is not the same driving during the weekends. This 

behavior would not alter the simulation results as the GPS data from the bus driving each 

block per day was used. Nevertheless it is important to mention this result, as it will be 

making a difference for the economic analysis for each group.  The results from the 

simulations made for all the groups at full load for the specified days of the week are shown 

in the graphs from Fig. 15 to Fig. 35. The graphs describe the behavior of each bus (block) 

while driving the different routes that belong to each group. For groups A and C the results 

include the total driven distance per day, the electricity consumption from the proposed EV, 

the diesel consumption and the CO2 emissions from current existing diesel buses (the diesel 

version of each group). For group B the results show the total driven distances, the total 

energy consumption of the vehicle as well as the respective consumption from the battery 

pack and the diesel system. The diesel consumption and the CO2 emissions are shown for the 

EV and the current diesel buses. The summary of the created scenarios for each group is also 

included in this section.  

2.5 Results for Group A 

From the simulations carried out with the EV at full load it was found that the average 

electricity consumption for the routes using a BYD ebus would be 2.50 kWh/km. The average 

value for the driven distance per bus was 281.62km. The estimated km driven per hour for the 

11.2 operating hours was 24.92 km and the bus uses 62.41 kWh (19%) per operating hour. 

For the battery pack of 325 kWh with 4000 cycles and considering the 10 trips per day the 

expected lifetime is 5.69 years. 

The longest driven distance was from block 18A with 454 km/day for the weekday 

simulation, the complete data for the driven distance of each route is shown in  

Fig. 15. From the same figure it can be appreciated that blocks 2D and 2E are not running on 

Saturday or Sunday, those buses are just necessary as a support during the rush hours 

occurring on the weekdays. They operate less hours and both have a 5 hours break during the 

day that allow less distance to be driven per day. A similar situation happened on route 4 for 

bl  ks E,   an  G. T  se bl  ks   n’t  ave any run  n weeken s and the shorter distance is 

due to less operating hours during the day compared to the blocks that exceed the 200 km/day.  

Route 18 presents a more continuous behavior, as just one block does not run on Sunday. 

According to the driven distances shown per day, the buses have similar operating hours, and 

there is no need of having extra blocks to cover the passenger transportation during the rush 

hours. 
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Fig. 15 Results of the driven distance per day from group A: routes 2,4 and 8 with their respective blocks. 

 

The highest energy consumption per day, equal to 1,171.6 kWh/day, was from block 18A during the Weekday. The energy consumption from all 

the blocks is shown in Fig. 16. In accordance with the driving distance per block explained above, blocks 2D, 2E, 4E, 4F and 4G present lower 

energy consumption as they have less operating hours. 
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Fig. 16 Results of the electricity consumption per day from group A: routes 2,4 and 8 with their respective blocks.  

From the simulation of the diesel version of group A it was found that block 18 A would consume 200.1 l/day of diesel. The diesel consumption 

from group A is shown in Fig. 17. Again, as the fuel consumption is related to the driven distance, it is expected to have a higher diesel 

consumption in the blocks of route 18 while the blocks with fewer operating hours (2D,2E, 4E, 4F,and 4G) would consume less fuel. 

2A 2B 2C 2D 2E 4A 4B 4C 4D 4E 4F 4G 18A 18B 18C 18D

Weekday 884,6 865,5 835,9 174,3 477,3 739,9 721,2 730,0 473,1 432,4 307,9 352,6 1.171 1.137 1.148 1.152

Saturday 793,9 797,2 765,9 661,6 742,8 683,4 431,7 1.039 1.067 1.040 1.021

Sunday 575,0 592,6 648,8 569,2 573,2 601,3 812,1 440,7 782,3 744,9
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Fig. 17 Results of the diesel consumption per day from group A: routes 2,4 and 8 with their respective blocks. 

  

2A 2B 2C 2D 2E 4A 4B 4C 4D 4E 4F 4G 18A 18B 18C 18D

Weekday 152,1 144,6 138,8 30,42 82,45 128,7 127,8 129,1 82,89 75,84 52,47 61,73 200,1 190,4 196,2 192,6

Saturday 140,6 143,7 138,0 122,1 138,4 120,8 80,69 181,2 187,3 183,8 179,8

Sunday 103,1 111,5 121,2 101,4 104,9 106,7 141,5 77,60 137,1 130,9
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From the obtained diesel consumption values it was expected to have the highest CO2 emissions on block 18A which was equal to 553.8 kg/day 

The respective emission from each block is shown in Fig. 18. 

 

Fig. 18 Results for CO2 emissions from the diesel consumption per day from group A: routes 2,4 and 8 with their respective blocks. 

2A 2B 2C 2D 2E 4A 4B 4C 4D 4E 4F 4G 18A 18B 18C 18D

Weekday 420,9 400,1 384,3 84,18 228,1 356,2 353,8 357,4 229,3 209,8 145,1 170,8 553,8 527,0 542,9 533,1

Saturday 389,1 397,7 381,8 337,9 383,0 334,2 223,2 501,4 518,5 508,7 497,7

Sunday 285,4 308,6 335,5 280,6 290,3 295,2 391,6 214,7 379,4 362,3
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The most relevant result from the simulation is the electricity consumption per 

kilometer as it represents the most sensitive parameter of the vehicle. This parameter is 

not just related to the weight or the driven distance but it reveals the whole behavior of 

the vehicle being affected by all the factors considered on the physical model of Eq. 7. 

Block 2C had the highest electricity consumption per kilometer of 2.65 kWh/km as can 

be appreciated in Fig. 19. 

Fig. 19 Electricity Consumption in kWh/km from group A: routes 2,4, and 18 with their respective blocks. 

From the simulations carried out for the block with the highest electricity consumption 

per kilometer (block 2C) at medium load the electricity consumption would be 2.40 

kWh/km and 2.27 kWh/km would be the electricity required by the bus at base load (see 

Fig. 20). 

 

Fig. 20 Electricity consumption at different loads for block 2C 

The created scenarios according to the obtained electricity consumption of block 2C at 

medium and base load are shown in Table 1.  

  

2A 2B 2C 2D 2E 4A 4B 4C 4D 4E 4F 4G
18
A

18B 18C
18
D

Weekday 2,5 2,6 2,6 2,5 2,5 2,5 2,4 2,4 2,5 2,5 2,5 2,5 2,5 2,6 2,5 2,6

Saturday 2,4 2,4 2,4 2,3 2,3 2,4 2,3 2,5 2,5 2,5 2,5

Sunday 2,4 2,3 2,3 2,4 2,4 2,4 2,5 2,5 2,5 2,5
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Table 1.Possible Scenarios For Different Electricity Consumption For Group Ad. 

Parameters that are varied 

Average 

values 

from Full 

Load 

Simulation 

Low Energy 

Consumption 

Average 

Energy 

Consumption 

High Energy 

Consumption 

Energy Consumption 

(kWh/km) 
2.50 2.27 2.4 2.65 

Driven distance per bus (km) 281.62 69 261.5 454 

Operating hours (driven hours) 11.29 5.78 10.79 15.81 

Number of trips per day 10 5 10 15 

Battery Lifetime in years 5.69 26.20 6.10 3.11 

 

The values of the driven distance for the low and the high energy consumption scenarios 

included in Table 1 were taken from the highest and the lowest values found after the 

simulation at full load was done. The number of operating hours corresponds to the 

longest and shortest period of operation among all the routes of group A. The number of 

trips is considered to be the lower but closest integer number equal to the number of 

operating hours. For the average energy consumption values of driven distance, 

operating hours, and number of trips, an average from the low and the high energy cases 

was considered respectively. From the most likely scenario (Average Energy 

Consumption) a lifetime of 6.10 years is expected for the battery pack. The less possible 

case for this group would give 26.20 years of battery lifetime while the case that 

correspond to the a similar load according to the passenger behavior (shown in 

Appendix 5) would be 3.11 years of battery lifetime for the BYD ebus. 

Considering the number of Saturdays (20), Sundays (21), and weekdays (95) from the 

Autumn period started on the 18
th

 of August 2013 and counting the days until the same 

day at 2014 the yearly values from the simulation at full load gives a total driven 

distance of 1,476,295 km/year. The electricity consumption of the EV would be of 

3,765,783.18 kWh/year (3.76 GWh
e
/year). The diesel bus version would consume 

650,904.37 l/year of diesel equivalent to 1,801,079.90  kgCO2/year (1801.07 

tonne
f
/year). 

                                                 
d
 Changed parameters for each scenario are highlighted in gray. 

e
 One GWh is equal to 10

6
 kWh. 

f
 One tonne (metric ton) is equal to 1000 kg. 
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2.6 Results for Group B 

From the simulations carried out for the PHEV at full load it was found that the average 

energy consumption of the vehicles was 2,091,871.12 kJ/day. The average consumption 

with the PHEV Volvo having the 45kWh battery pack was 2.11 kWh/km. For the 

PHEV Volvo with the 100kWh battery pack the average consumption of energy was 

0.46kWh/km. The average value for the driven distance was 236.71km. The estimated 

km driven per hour with the 10.06 operating hour was 23.51 km. For the battery pack of 

45 kWh with 9000 cycles and considering the 10 trips per day the expected lifetime is 

2.23 years as the bus would be using 49.73 kWh (110%) per hour. With the 100 kWh 

battery pack the bus uses 12.81 kWh (13%) per hour and the expected lifetime is 5.99 

years. The results from the bus with the100kWh were omitted as it was found that the 

diesel consumption was always higher than the other option as shown in Fig. 21 and the 

purpose of this work is to find the best technology to reduce the diesel usage. A possible 

explanation to this peculiar diesel consumption while having a bigger battery pack could 

be explained with a further analysis of the code from the EVA System (hybrid vehicle 

performance). At the moment several factors such as rapid acceleration, stopping the 

bus on a steep incline or power consumption from electric accessories may cause the 

diesel engine to start [12]. Nevertheless before these results may be reviewed, the study 

will consider the lower diesel consumption case. 
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Fig. 21 Results from the  Plug-in hybrid electric vehicle diesel consumption for the case with a 100 kWh battery pack and the 45 kWh battery pack case during weekday, Saturday and Sunday 

simulations. 
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The results from the simulations made with the bus using the 45 kWh battery pack are 

shown in the figures below. The longest driven distance was from block 43B with 368 

km/day during the weekday simulation, the complete data for the driven distance of 

each route is shown in Fig. 22. According to the same figure, only route 35 runs during 

the weekdays and the weekends. The rest of the routes have some blocks that are just 

required during the rush hours on weekdays and they are not running during the 

weekends (5B,13C, 13D, 17C, 43C, and 43D). 

 

Fig. 22 Results of the driven distance per day from group B: routes 5, 13, 17, 35, and 43 with their respective blocks. 

In this group the energy consumption is divided into the electricity consumption from 

the battery (kWh/day) and the diesel usage (l/day). 

The electricity consumption from the PHEV is shown in Fig. 23, this figure shows that 

block 43A had the highest energy consumption during the Saturday simulation; it was 

equal to 768.4 kWh/day. 

 

Fig. 23 Results from electricity consumption in kWh/day from group B: routes 5, 13, 17, 35, and 43 with their 

respective blocks. 
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The diesel consumption is shown in Fig. 24, the figure shows that the highest diesel 

consumption was from block 43B that used 36.33 l/day during the weekday. This diesel 

consumption is a low consumption compared to the current diesel buses that use 45 

l/100 km  or a total of 162.25 l/day for this specific bus of route 43 (see Fig. 26). 

 

Fig. 24 Results from diesel consumption  (PHEV) in l/day from group B: routes 5, 13, 17, 35, and 43 with their 

respective blocks. 

From those two figures it can be appreciated that while higher electricity consumption 

occurs a lower diesel consumption occurs and vice versa. 

The CO2 emissions from the diesel system of the PHEV are shown in Fig. 25. As 

expected block 43B had the highest emissions equivalent to 95.9 kg/day of CO2 as it had 

the highest diesel consumption 

 

Fig. 25 Results from the corresponding CO2 emissions from the PHEV from group B: routes 5,13,17,35, and 43 with 

their respective blocks. 
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The diesel consumption and the equivalent kg/day of CO2 emitted from the diesel version of this group are shown in Fig. 26 and in Fig. 27. Block 

43B consumed 162.25 liters of diesel per day on the weekday simulation, it was the highest value found according to the longest driven distance 

shown in Fig. 21.  

 

 

Fig. 26 Results for the diesel version from the full load simulation of group B: routes 5,13,17,35, and 43 with their respective blocks. 
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From the highest diesel consumption on block 43B during the weekday simulation a total of 448.9 kg/day of CO2 were emitted. 

 

Fig. 27 Equivalent CO2 emission from the diesel version simulated at full load for group B: routes 5,13,17,35, and 43 with their respective blocks. 
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Fig. 28 shows the most relevant result from the simulations made at full load for this group, it contains the values from the electricity 

consumption per kilometer. Block 17B had the highest electricity consumption per kilometer equal to 2.48 kWh/km during the Saturday 

simulation. 

 

Fig. 28 Results from electricity consumption in kWh/km from group B: routes 5, 13, 17, 35, and 43 with their respective blocks. 
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The highest electricity consumption per kilometer found corresponds to a fuel 

consumption of 1.34 l/day. The opposite case where the maximum diesel usage of 36.32 

l/day occurred was from block 43B during the weekday simulation where a total of 1.47 

kWh/km were required from the battery. Blocks 17B and 43B were simulated with 

medium and base load for the days where they presented their respective higher energy 

consumption. At medium load the results for energy consumption were 2.20kWh/day 

for block 17B and 1.60kWh/day for block 43B with 0 l/day and 19.53 l/day of diesel 

consumption respectively. At base load block 17B used 2.03 kWh/km and block 43B 

used 1.6315 kWh/km. The diesel consumption was equal to 0 l/day for block 17B and 

12.43 for block 43B (see Fig.29 and Fig. 30).  

 

Fig.29 Electricity consumption of the PHEV with different loads. 

 

 

Fig. 30 Diesel consumption of the PHEV  with different loads. 
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The created scenarios according to the obtained electricity consumption of block 17B at 

medium and base load are shown in Table 2. The values for the low and high energy 

consumption scenarios were taken from the highest and the lowest values after the 

simulation at full load was done. The number of operating hours and the number of trips 

were considered following the same criteria as for group A. To find the values for the 

average energy consumption scenario, the average value from each parameter of the low 

and the high energy cases were considered. From the most likely scenario (Average 

Energy Consumption) a lifetime of 2.16 years is expected for the battery pack. If a load 

similar to that of the passenger behavior shown in Appendix 6 is considered, a lifetime 

of 4.72 years for the battery would be expected. The less possible case for this group 

would give 1.28 years lifetime for the battery pack 

Table 2.Possible Scenarios For Different Electricity Consumption For Group Bg. 

Parameters that are 

varied 

Average values 

from Full Load 

Simulation 

Low Energy 

Consumption 

Average 

Energy 

Consumption 

High Energy 

Consumption 

Energy Consumption 

(kWh/km) 2.12 2.03 2.20 2.48 

Average distance 

driven per bus (km) 236.71 136.00 252.00 368.00 

Operating hour (driven 

hours) 10.07 4.70 9.71 14.73 

Number of trips per 

day 10.00 4.00 9.00 14.00 

Battery Lifetime in 

years 2.23 4.72 2.16 1.28 

 

The created scenarios according to the obtained electricity consumption of block 43B 

derived from the maximum diesel consumption per day are displayed on Table 3. The 

values for each case were found as the values from the scenarios described above. The 

main difference between the data shown in Table 2 and Table 3 is the lower energy 

consumption per kilometer. From the lower electricity consumption it is expected to 

have longer lifetime for the battery pack. It was found that for the most likely scenario 

(Average Energy Consumption) a lifetime of 2.97 years is expected for the battery pack. 

With the load similar to that of the passenger weight at base load, the lifetime would be 

5.8 years and the less possible case for this group would give 2.22 years of battery 

lifetime. 

                                                 
g
 Changed parameters for each scenario are highlighted in gray. 
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Table 3.Possible Scenarios For Different Electricity Consumption Due To Maximum 

Diesel Consumption For Group Bh. 

Parameters that are 

varied 

Average values 

from Full Load 

Simulation 

Low Energy 

Consumption 

Average 

Energy 

Consumption 

High Energy 

Consumption 

Energy Consumption 

(kWh/km) 
2.12 1.63 1.6 1.43 

Average distance 

driven per bus (km) 
236.71 136.00 252.00 368.00 

Operating hours 

(driven hours) 
10.07 4.70 9.71 14.73 

Number of trips per 

day 
10.00 4.00 9.00 14.00 

Battery Lifetime in 

years 
2.23 5.88 2.97 2.22 

 

For this group the yearly values from the simulation at full load gives a total driven 

distance of 1,023,575.00 km/year. The PHEV would consume a total of 2,022,652.17 

kWh/year (2.02 GWh/year) plus 46,981.44 l/year of diesel emitting 124,031.00 

kgCO2/km (124.031 tonne
i
/year). The diesel version for this project would consume 

451,298.31 l/year emitting 1,248,761.50 kgCO2/year (1,248.7615 tonne/year). 

2.7 Results for Group C 

From the simulations carried out with the trolleybus at full load it was found that the 

average electricity consumption per kilometer for the routes 3 and 6 would be 2.59 

kWh/km. The average driven distance was 251.61 km and the estimated driven distance 

per hour was 21.13 km. For this group it was necessary to subtract the distance of the 

road where it is intended to put the OHW (8 km) in order to calculate the battery 

lifetime. From the battery pack of 103.68 kWh the trolleybus uses 34.01 kWh (33%) 

each hour, this gives a lifetime of 3.34 years. The longest driven distance was 403 km 

from block 6A, the complete data for the driven distance of each route is shown in Fig. 

31. The figure also shows that the blocks 3D, 3E,3F, 6E, 6F and 6G do not operate 

during the weekends. 

                                                 
h Changed parameters for each scenario are highlighted in gray. 
i
 One tonne (metric ton) is equal to 1000 kg. 
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Fig. 31 Results of the driven distance per day from group C: routes 3 and 6 with their respective blocks. 

The highest energy consumption per day equal to 1049.1 kWh/day was from block 6C 

during the Saturday simulation, the energy consumption from all the blocks is shown in 

Fig. 32. 
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Fig. 32 Results of the electricity consumption per day from group C: routes 3 and 6 with their respective blocks. 
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For the diesel version block 6A would have the highest diesel consumption of 177.68 

l/day that is almost the same consumption from block 6C (177.24). Fig. 33 shows the 

diesel consumption from all the blocks of group C. 

 

Fig. 33 Results of the diesel consumption per day from group C: routes 3 and 6 with their respective blocks. 

From the diesel consumption, the highest CO2 emissions was equal to 491.6 kg/day, the 

respective CO2 emission from each block is shown in Fig. 34. 

 

Fig. 34 Results for CO2 emissions from the diesel consumption per day from group C: routes 3 and 6 with their 

respective blocks. 
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Block 3A had the highest electricity consumption per kilometer of 3.07 kWh/km as 

presented in Fig. 35. 

 

Fig. 35 Electricity Consumption in kWh/km from group C: routes 3 and 6 with their respective blocks. 

 From the simulations carried out for block 3A at medium load the electricity 

consumption would be 2.62 kWh/km and 2.36 kWh/km would be the electricity 

required by the trolleybus at base load (see Fig. 36). 

 

Fig. 36 Electricity Consumption at different loads for block 3A. 

Possible scenarios for different electricity consumption per kilometer were created as 

before. The numbers found from the simulations of block 3A at medium and base load 

appear on Table 4. The procedure to find the low, the average, and the high energy 

consumption values was the same as the followed procedure on group A and group B. 

From the most likely scenario (Average Energy Consumption) a lifetime of 2.65 years is 

expected for the battery pack. If the passenger distribution (shown in Appendix 7) is 

considered the battery lifetime would be 1.4 years for some blocks. The 5.22 years 

lifetime obtained for the low energy consumption would not occur as the passenger load 

is maintained above the medium load weight in all the blocks.  
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Table 4.Possible scenarios for different energy consumption for group Cj. 

Parameters that 

are varied 

Average values 

from Full Load 

Simulation 

Low Energy 

Consumption 

Average 

Energy 

Consumption 

High Energy 

Consumption 

Energy 

Consumption 

(kWh/km) 

2.59 2.36 2.62 3.07 

Driven distance 

(km) per bus 251.62 141.28 265 403 

Operating 

hours 11.91 6.05 10.89 15.73 

Number of 

trips per day 10 6 10 15 

Battery 

Lifetime in 

years 

3.34 5.226753635 2.654982012 1.400330831 

 

The yearly values found from the simulation at full load of this group give a total driven 

distance of 1,046,440 km/year, a total electricity consumption of 2,708,576.45 

kWh/year (2.70GWh/year) from the trolleybus. The diesel version of the project would 

consume 461,379.58 l/year equivalent to 1,276,656.80 kgCO2/year (1,276.65 

tonne
k
/year). 

 

  

                                                 
j
 Changed parameters for each scenario are highlighted in gray. 

k
 One tonne (metric ton) is equal to 1000 kg. 
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3 Economic Analysis 

For the economic analysis the groups A, B, and C were considered as three different 

projects. The Net Present Value (NPV) for each one was calculated for a lifetime of 30 

years. The lifetime of the projects was determined by the longest lifetime of one of the 

items (OHW infrastructure) within the Trolleybus project in order to have the same 

timeframe to calculate the NPV of each project. By having the two versions of each 

project (EV vs. Diesel buses) a direct comparison of the initial investment and the NPV 

was made. A 5% interest rate was considered after consultation of three Icelandic 

reports that suggest that value[49] [50] [51]. The base year prices for electricity and 

diesel were considered from the current year (2013) prices. Electricity price from the 

Statistics Iceland website [52] is 13.48 ISK/kWh and the price of diesel from Global 

Petrol Prices website [53] is 249.76 ISK/l. All the NPV values shown are in negative 

numbers as they are representing just the costs per project. No revenue was considered 

as it would be the same for each pair of projects per group. Still this economic analysis 

makes possible the comparison between two options per group.  For the three groups it 

was assumed that the total number of new buses was equal to the number of blocks 

corresponding to the Weekday simulation because that day has the biggest number of 

blocks per route. It was also assumed that buses that operate on weekday would have to 

operate during the weekends. This assumption was made in order to reduce the costs of 

buying the least necessary number of vehicles instead of buying one bus per block per 

day for those cases where no matching was found. 

3.1 Economic Analysis for Group A 

To implement the use of the ebus from BYD for routes 2,4 and 18, it would be 

necessary to buy 16 buses. Each bus would need a charger for the overnight charge and 

a fast charger to make the recharge during operating hours. According to the 

information gathered from the sales department from BYD Spain, each charger 

(overnight or fast charge type) is able to charge two buses. So, the total number of 

chargers would be 8 instead of 16 for the overnight charge .During the operating hours 

two fast chargers would be needed for route 2 (one in Hlemmur and one in 

Fífuhmmsvegur), two for route 4 and one for route 18, making a total of 5 fast chargers. 

From the same department an estimated price per bus and charger was obtained. The 

price per battery was taken from Magallón work[54]. All the information needed 

regarding the costs and lifetime from the diesel buses was obtained from Straetó. The 

cost for bus maintenance of an ebus was taken from Gabiña [55].Table 5 summarizes 

the required infrastructure, vehicles and energy costs needed to calculate the NPV for 

the projects within this group. 
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Table 5.Summary of the costs from the projects within group A. 

Infrastructure Item Unit characteristic Units Needed Total Cost (ISK) 

BYD 

Charging stations 

overnight (ISK) 
656,000.00 8 5,248,000.00 

Charging stations for 

breaks (ISK) 
656,000.00 5 3,280,000.00  

Diesel bus Not required - - - 

Lifetime in years Charging Stations 20.00 - - 

Vehicles 
    

BYD 

Bus purchase (ISK) 72,160,000.00 16 1,154,560,000.00 

Battery costl (ISK) 25,058,880.00 16 400,942,080.00 

Maintenance (ISK/km) 21.89 1,476,295.00 32,317,041.10 

Diesel bus 

Bus purchase (ISK) 8,200,000.00 16 131,200,000.00 

Maintenance (ISK/km) 48.65 1,476,295.00 71,815,646.89 

Lifetime 

 

BYD ebus (years) 20.00 - - 

Diesel bus (years) 12.00 - - 

Energy 
    

BYD Electricity (ISK/kWh) 13.48 3,765,783.18 50,762,757.30 

Diesel Diesel price (ISK/l) 249.76 650,904.37 162,569,875.62 

 

The initial investments for group A using the proposed technology or the equivalent 

diesel buses appear in Table 6. In the same table the calculated NPV for the 5.69 years 

battery lifetime (and a 12 years lifetime diesel bus) for the 30 years period is included. 

The difference on the NPV from both cases is included as well as the difference on the 

initial investment. 
Table 6 Initial Investment and NPV for group A  

Project Initial Investment (ISK) NPV (ISK.) 
Difference on 

Initial investment 
(ISK) 

Difference on 
NPV (ISK) 

BYD 1,163,088,000.00  4,812,739,139.41 
1,031,888,000.00  813,456,276.05  

Diesel_BYD 131,200,000.00  3,999,282,863.35  

                                                 
l The battery cost is already included in the bus purchase price for the initial investment. It is explicitly shown for the 

purpose of making clear the amount that should be considered when replacing the battery depending on the battery 

lifetime. 
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For the same 30 years period and while considering the possible variation on the battery 

lifetime, the volatility of diesel price and an expected increase in electricity price, a 

sensitivity analysis for the NPV was made. The curves from the sensitivity analysis 

appear on 

 

Fig. 37 to Fig. 39. Fig. 37 shows two curves representing the NPV calculated for the BYD 

ebus and the diesel version for the project of group A. The lower NPV value correspond 

to the diesel version. It is important to mention that the BYD curve presents little dips 

each five years because it represents the time interval where the battery should be 

replaced according to the average values found from the full load simulation. Another 

important dip occurs at the year 20 where new buses should be acquired according to 

the electric buses lifetime. In the Diesel NPV curve, the dips appear only for the bus 

replacement time of 12 and 24years as assumed. The reason of considering 12 years 

lifetime for the diesel bus and a 20 years electric bus was to try to keep as low as 

possible the reinvestment cost for the electric version. In other words, it was taken an 

optimistic lifetime for an electric bus and a not that optimistic for diesel buses in order 

to keep a balance on the reinvestment costs.  

 

Fig. 37 NPV curves from the sensitivity analysis (battery lifetime vs. electricity prices) for the BYD ebus technology 

and the equivalent analysis (diesel bus lifetime vs. diesel prices) from the diesel version. The curves represent the 

NPV for the 30 years at base year price for a 5.69 years lifetime battery pack and 12 years lifetime diesel bus. 

 

-4,00 kr  

-4,81 kr  

-10,00 kr

-9,00 kr

-8,00 kr

-7,00 kr

-6,00 kr

-5,00 kr

-4,00 kr

-3,00 kr

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

B
ill

io
n

s 

Years 

NPV_Diesel Version for
base year diesel price
(249.76 kr.)
NPV_BYD for base year
electricity price (13.48
kr.)

-4,00 kr  

-4,81 kr  

-10,00 kr

-9,00 kr

-8,00 kr

-7,00 kr

-6,00 kr

-5,00 kr

-4,00 kr

-3,00 kr

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

B
ill

io
n

s 

Years 

NPV_Diesel Version for
base year diesel price
(249.76 kr.)
NPV_BYD for base year
electricity price (13.48
kr.)



 43 

Fig. 38 shows 5 different NPV curves for the BYD ebus, each curve represent the NPV for the 

30 years period with a different electricity price. It can be observed that the price of electricity 

does not alter the NPV curve shape, it would only slightly move it up (low price) and down 

(high price). The important factor altering the NPV curve shape is the different lifetime of the 

battery. For a one year lifetime battery pack (for all electricity prices) the NPV stays around -10 

billion kr. while for a more optimistic expected lifetime (higher than 3 years) it would be around 

-5.5 billion kr.  

 

Fig. 38 NPV curves from the sensitivity analysis of the battery lifetime for the electric technology option for group A. 

Each curve represents the NPV throughout the 30 years period with different electricity price. 
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Fig. 39 NPV curves from the sensitivity analysis of the diesel bus lifetime for the diesel version project for group A. 

Each curve represents the NPV throughout the 30 years period with different diesel price. 
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3.2 Economic Analysis for Group B 

For the Opbrid Busbaar-PHEV project it would be necessary to buy 14 buses and four 

ultrafast charging stations. From the price of the PHEV was taken from Bedell´s 

study[32] and the battery price was found in Magallón´s document [54]. The same 

assumption of the cost maintenance for an electric bus to be 25% of that from a diesel 

bus from Gabiña[55] was made. Table 7 summarizes the required infrastructure, 

vehicles and energy costs for the calculation of the NPV of the projects for group B. 

Table 7.Summary of the Costs from the projects within group B. 

Infrastructure Item Unit Cost [ISK] Units Needed Total Cost [ISK] 

Opbrid 

Busbaar 

Ultra fast 

charging 

stations 

(ISK) 

32,800,000.00 4 131,200,000.00 

Diesel bus Not required - - - 

Lifetime in 

years 
30 years - - - 

Vehicles 
    

Opbrid 

Busbaar 

Bus 

purchase 

(ISK) 

82,000,000.00 14 1,148,000,000.00 

Battery 

cost
m

 (ISK) 
4,746,000.00 14 66,444,000.00 

Maintenance 

(ISK/km) 
21.89 1,023,575.00 22,406,710.95 

Diesel bus 

Bus 

purchase 

(ISK) 

8,200,000.00 14 114,800,000.00 

Maintenance 

(ISK/km) 
48.64 1,023,575.00 49,792,691.00 

Lifetime 

Plug-in 

Opbrid 

(years) 

20 - - 

                                                 
m

 The battery cost is already included in the bus purchase price for the initial investment. It is explicitly shown for the purpose of 

making clear the amount that should be considered when replacing the battery depending on the battery lifetime. 
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Diesel bus 

(years) 
12 - - 

Energy 
    

Opbrid 

Busbaar 

(kWh/year) 

Electrycity 

ISK/kWh 
13.48 2,022,652.17 27,265,351.27 

Diesel_PHEV 

(l/year) Diesel price 

ISK/l 
249.76 

46,981.44 11,294,337.76 

Diesel_ICE 

(l/year) 
451,298.31 112,716,266.36 

 

The initial investments for group B using the PHEV or the diesel bus version are 

contained in Table 8. In the same table the calculated NPV for the 2.23 years battery 

lifetime (and a 12 years lifetime diesel bus) for the 30 years period is included. The 

difference on the NPV from both cases is included as well as the difference on the initial 

investment. 

Table 8. Initial Investment and NPV for group B. 

Project 
Initial Investment 

(ISK) 
NPV (ISK) 

Difference on 
Initial investment 

(ISK) 

Difference on 
NPV 

Opbrid 
Busbaar 45 

1,279,200,000.00 4,867,764,212.92 
1,164,400,000.00 2,022,925,689.48 

Diesel 114,800,000.00 2,844,838,523.44 

 

For the same period of 30 years while considering the expected variation on the 

battery lifetime, the volatility of diesel price and a probable increase in electricity 

price, a sensitivity analysis for the NPV was made. The curves from the sensitivity 

analysis of the NPV of the projects from group B appear on Fig. 40 to Fig. 43. Fig. 40 

shows two curves representing the NPV calculated for the Opbrid busbar with a 2.23 

years lifetime battery pack and the diesel version with a 12 years lifetime bus. The 

lower NPV correspond to the diesel version. On the Diesel NPV curve the observable 

dips occur at 12 and 24 years when diesel buses are replaced. On the Opbrid bus bar 

NPV curve the dips are not appreciated but the battery replacement is happening each 

two years. The relatively flat shape of the curve is better understood as a constant high 

NPV value that is never higher than -4.43 billion kr. At year 20 a more visible dip 

occurred due to the buses replacement. 

 

 



 47 

 

Fig. 40 NPV curves from the sensitivity analysis (battery lifetime vs. electricity prices and diesel prices) for the 

Opbrid Busbaar technology and the equivalent (diesel bus lifetime vs. diesel prices) from the diesel version. The 

curves represent the NPV for the 30 years at base year price for a 2.23 years lifetime battery pack and 12 years 

lifetime diesel bus. 

For this group the sensitivity analysis was a made for the PHEV option with different 

lifetime of the battery and considering the variation of diesel and electricity prices. The 

curves from the resulting NPV for different electricity prices appear on Fig. 41 and Fig. 

42.  

 

Fig. 41 NPV curves from the sensitivity analysis of the battery lifetime for the PHEV option for group B. Each curve 

represents the NPV throughout the 30 years period with different electricity price. 

 

Fig. 42 NPV curves from the sensitivity analysis for the PHEV option for group B. Each curve represents the NPV 

throughout the 30 years period with different diesel prices. 
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From the PHEV NPV curves shown above it is appreciated that the variation on the 

electricity and diesel prices do not alter the shape of the NPV curves, it just makes them 

move slightly up and down for a lower and higher price respectively. Again, what 

affects the NPV value (and the shape of the curve) is the different battery lifetime. In 

this group a one year battery lifetime maintain the NPV around -5.5 billion ISK while a 

more optimistic lifetime of 2 years will keep the NPV value around -4.8 billion ISK.  

The diesel version of the project is directly correlated with the variation on diesel prices, 

just as in group A. The lifetime time of the buses was considered to do the sensitivity 

analysis for this option, the results are shown on Fig. 43. The diesel NPV curves are 

considerably affected by the variation on the diesel price which causes the NPV to vary 

from-4.73 billion kr. (with a high diesel price) to -3.63 billion kr. (with a low diesel 

price). A dip is appreciated at year 12 and 24 when the buses should be replaced. 

 

Fig. 43 NPV curves from the sensitivity analysis of the diesel bus lifetime for the diesel version project for group B. 

Each curve represents the NPV throughout the 30 years period with different diesel prices. 
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3.3 Economic Analysis for Group C 

For the trolleybus option it would be necessary to buy 13 new units from the Russian 

manufacturer. The costs related to this project are based on the costs mentioned by the 

Trolley Project [56] and the battery cost was taken from the same source as that from 

group A and B. Table 9 summarizes the required infrastructure, vehicles and energy 

costs needed to calculate the NPV for the trolleybus implementation in Iceland. 

Table 9.Summary of the costs from the projects within group C. 

Infrastructure Item Unit Characteristic Units Needed Total Cost (kr.) 

Trolleybus 

Overhead 

wiring 

(ISK/km) 

58,714,170.00 8 469,713,360.00 

Substations 

(ISK/km) 
14,538,746.86 2 33,729,892.71 

Yearly network 

maintenance 

(ISK/km) 

3,914,278.00 8 31,314,224.00 

Diesel bus Not required 0 - - 

Lifetime 
Overhead wires 

(years) 
30 

 
- 

Vehicles 
    

Trolleybus 

New trolley 

(ISK) 
38,359,924.40 13 498,679,017.20 

Battery cost
n
 8,352,960.00 13 108,588,480.00 

Yearly 

maintenance 

(ISK/km) 

52.84 1,046,440.00 55,296,770.45 

Diesel bus 

Bus purchase 

(ISK) 
8,200,000.00 13 106,600,000.00 

Maintenance 48.64 1,046,440.00 50,904,978.70 

                                                 
n
 The battery cost is already included in the bus purchase price for the initial investment. It is explicitly shown for the purpose of 

making clear the amount that should be considered when replacing the battery depending on the battery lifetime. 
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(ISK/km) 

Lifetime 

Trolleybus 

(years) 
20 - - 

Diesel bus 

(years) 
12 - - 

Energy 
    

Trolleybus 
Electricity 

ISK/kWh 
13.48 2,708,576.45 36,511,610.55 

Diesel bus 
Diesel price 

ISK/l 
249.76 461,379.58 115,234,164.34 

 

The initial investments for the trolleybus project or the corresponding diesel version are 

contained in Table 10. In the same table the calculated  NPV for the 3.34 years battery 

lifetime (and a 12 years lifetime diesel bus) for the 30 years period is included. The 

difference on the NPV from both cases is included as well as the difference on the initial 

investment.  

Table 10 Initial Investment and NPV for group C 

Projec
t 

Initial Investment 
(kr.) 

NPV (kr.) 
Difference on 

Initial 
investment (kr.) 

Difference on NPV 
(kr.) 

Trolley  1,002,122,269.91  
4,070,313,871.1

3 
895,522,269.91 1,194,433,177.14 

Diesel  106,600,000.00   
2,875,880,693.9

9 
 

For the same period of 30 years while considering the expected variation on the battery 

lifetime, the volatility of diesel price and a probable increase in electricity price, a 

sensitivity analysis for the NPV was made. The curves from the sensitivity analysis of 

the NPV appear on Fig. 44. to Fig. 47. Fig. 44 shows three curves representing the NPV 

calculated for the Trolleybus with a 3.34 years lifetime battery pack, the diesel version 

with a 12 years lifetime , and the option of having a longer OHW infrastructure(10 km 

instead of 8 km as initially planned). The lower NPV correspond to the diesel version 

and the highest NPV values correspond to the option with a longer OHW infrastructure. 

The dips and bumps on the curves are due to the battery and buses replacements 

respectively. 
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Fig. 44 NPV curves from the sensitivity analysis (battery lifetime vs. electricity prices) for the Trolleybus technology 

and the equivalent analysis (diesel bus lifetime vs. diesel prices) from the diesel version. The curves represent the 

NPV for the 30 years  at base year price for a 3.34 years lifetime battery pack (considering  a 8 and 10 km OHW 

length), and a 12 years lifetime diesel bus.  

Fig. 45 shows five NPV curves from the sensitivity analysis for different electricity 

prices. It can be appreciated that the variation on the electricity prices would move the 

NPV curves up and down along the NPV axis without changing its shape. The battery 

lifetime, in the other hand, make the curves to have their peculiar form by having a 

higher negative value for a one year lifetime battery (around -5.20 billion ISK). For a 

more optimistic battery lifetime greater than 2 years the NPV could be as low as -3.43 

billion ISK. 

 

Fig. 45 NPV  curves fro the sensitivity analysis of the battery lifetime for the trolleybus option. Each curve represents 

the NPV throughout the 30 yeas period with different electricity prices. 
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The NPV curves from the sensitivity analysis made for the diesel version of the project 

are shown in Fig. 46. For the sensitivity analysis the diesel price variation was 

considered as well as the lifetime of the buses. 

 

Fig. 46 NPV curves from the sensitivity analysis of the diesel bus lifetime for the diesel version project for group C. 

Each curve represents the NPV throughout the 30 years period with different diesel prices. 

 

Even though the overhead wires are not well seen in Iceland within the residential areas, 

a sensitivity analysis for the trolleybus project was made considering different lengths 

of the line. This analysis was made for the purpose of visualizing what would happen if 

the project would reduce its battery lifetime dependency with a higher initial investment 

for longer OHW. The results are shown in Fig. 47. 

 

Fig. 47 NPV curves from the sensitivity analysis of the battery lifetime vs. different length of overhead wiring for the 

trolleybus project. Each curve represents the NPV throughout the 30 years period with different OHW length. 
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3.4 Electric infrastructure 

The general electric infrastructure would consist of placing the required number of 

chargers for the EV at the stations where they make the longest breaks. For the 

overnight charger the location would be in the bus depot where the buses stay at night 

depending on the route that they belong. For the trolleybus option it would be necessary 

to place OHW over one section of the routes 3 and 6. The details for each group are 

explained below. 

3.4.1 Electric infrastructure group A 

According to the schedule from routes 2, 4 and 18, there are 16 blocks during the 

weekdays. The longer breaks occur at Hlemmur bus station for almost all the blocks 

within those routes. The exception to this were two blocks from route two, both have 

the longest breaks at Fífuhvammsvegur 8. According to this, 4 chargers will be installed 

at Hlemmur and 1 at Fífuhvammsvegur. Each charger deliver a power of 100kW per 

bus and each charger could charge up to 2 buses at a time, this would represent a total 

power of 1000 kW assuming the maximum amount of buses (10) to be connected at the 

same time. If the minimum charging time of 30 minutes is considered, the electric 

system should be able to deliver 500 kWh for these buses to have one charge. The 

overnight chargers placed at Hestháls 14 have a charging power of 60 kW. For that 

charging power, if all the buses would need to charge at the same time from a 0% SOC, 

the electric system should deliver 4800 kWh (considering the 5 hour charging time from 

specifications). This calculus give the highest energy needed for one charge at the same 

time for all the buses. The real energy consumption from the EV has been already 

simulated giving a total of 3.6 GWH/year.  A map showing the location of the chargers 

is included in Appendix 9. 

3.4.2 Electric infrastructure group B 

The schedule from the routes of group B gives a total of 14 blocks operating on 

weekdays. In this group only four ultrafast charging stations would be needed as route 5 

and route 17 would have the same charging point. The charging stations would be 

placed at Hlemmur, Sléttuvegur, Hamraborg and Fjörður bus stations. Each station 

needs a three phase (400 v) connection; the desired charging power for this system 

would be 240 kW. The charging time with this technology is between 5 and 8 minutes. 

As the maximum number of buses charging at the same time is four, the power 

delivered by the chargers would be 960 kW. With 8 minutes of charge for each bus, the 

electric system should be able supply 128 kWh. So, at least 512 kWh (128x4) would be 

needed per day in order to charge the whole fleet of PHEV. From the simulations the 

real energy consumption from this group resulted to be 2.02 GWH per year. The map 

showing the location of the chargers for this group is included on Appendix 10. 
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3.4.3 Electric infrastructure group C 

For this group the main electric infrastructure would be place along the Hringbraut 

Street. At least 8 kilometers are needed to cover part of the path from routes 3 and 6. 

The schedule from the routes that belong to this group gives a total of 13 buses 

(trolleybuses) driving during the weekdays. Each trolleybus would require a total of 255 

kW to function properly, 90 kW would be used to charge the battery pack and 165 kW 

for the motor. If the trolleybuses from both routes would be plug-in to the electric 

system at the same time 3315kW would be the load installed into it. The full charge of 

the battery pack takes 4 hours, if the 13 trolleybuses should charge at night for that time, 

4680 kWh would be required. According to Avilés study[57] the traction substation 

should be able to deliver  a power of about 50% of the total installed load , if so, this 

project would require one substation of 1657.5kW capacity. Depending on the design of 

the OHW infrastructure and a detail study of the trolleybus driving behavior the 

substation values will change. The approximate energy consumption for this group was 

found to be equal to 2.70 GWh/year from the simulations. The map showing the 

location of the OHW is included in Appendix 11. 

4 Discussion 

The results of the routes that belong to group A revealed that the average energy 

consumption is higher (192%) than the specified kWh/km from the manufacturer of 1.3 

kWh/km (the average value was 2.50 kWh/km). As all the simulations were done at full 

load, the factors that mainly contribute to the different energy consumption were the 

difference in the driven distance and the difference on the operating hours of each block 

according to the daily schedule. Even though there was no failure from the EV indicated 

on the simulation, it is expected for route number four to have difficulties on moving the 

amount of passengers per day as the number of passengers boarding each bus is greater 

than the number obtained for the full load of the bus. This number could vary depending 

on the average weigh of the passengers but still, the maximum number allowed from the 

BYD specifications is 70 passengers per bus. According to the information revealed 

from the created scenarios for the Icelandic necessities on the public transport system 

(buses often at full load and sometimes at medium load), the lifetime of the battery 

would vary from 3 to 6 years maintaining the NPV in the range from -5.76 to -4.74 

billion kr. The range of the NPV for the diesel version would be between -4.08 to -3.9 

billion kr. for a lifetime of 10 to 12 years for each bus. This gives a lower cost for the 

diesel version of the project for group A but represents a total emission of 1801.01 

tonne of CO2 per year compared to the cero CO2 emissions from the ebus.  

A similar situation occurred with the analysis of the routes from group B. The average 

energy consumption per kilometer was higher than that estimated for EV from the 

manufacturer ( the average value was 2.11 kWh/km)t. As the purpose of this project was 

to find the best option to reduce diesel consumption, the Volvo with a 45 kWh battery 

pack with shorter lifetime of the battery was preferred over the 100 kWh as the second 

one used more diesel. The range of the NPV for the PHEV would be between -4.86 to -

4.65 billion kr. for the battery lifetime expected from the created scenarios with the 
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highest electricity consumption (2.16 to 4.72 years). For the cases when more fuel was 

used, the lifetime of the battery would vary from 2.97 to 5.88 years and the NPV range 

would be from -4.86 to -4.58 billion kr. Compared to these two cases the diesel option 

for group B resulted much cheaper with a NPV range from -2.91 to-2.84 billion kr. (for 

10 to 12 years diesel bus lifetime) but representing a CO2 emissions of 1248.7615 

tonne/year which is 10 times higher than that from the PHEV. For this group the 

passenger load does not represent a problem and actually the low and the average 

energy consumption scenarios would describe best the behavior of the routes within it.  

For the trolleybus project it was also found that the energy consumption was higher than 

that from the specifications. The number of passengers does not represent a problem in 

route 6 but for route 3 the number of passengers of one block (3F) is almost over the 

limit of the full load capacity. The NPV for the estimated lifetime of the battery (2.65 

and 5.22 years) would stay between -4.28 and -3.77 billion kr. The NPV for the diesel 

option of this project would stay between -2.93 and -2.87 billion kr. depending on the 

lifetime of the bus (10 or 12 years). So, for this project the diesel version keeps on being 

the cheapest option, though, it represents a total emission of 1276.65 tonne of CO2 per 

year. Apparently the electric version for this group seem to be cheaper than the option 

of the PHEV but it is good to keep in mind that group C is just considering two routes 

while the PHEV would be used in 5 routes. It was also important to determine what 

would happen if the battery lifetime problem would be replaced by adding more 

kilometers of overhead wires. If that happens the NPV would increase considerably and 

would exceed the-5.1 billion kr. from the worst case of having a battery with one-year 

lifetime with the 8 km of OHW initially planned. The respective NPV (20 years battery 

lifetime and 30 km of OHW) would be -6.54 billion kr. 

5 Conclusion 

After analyzing the routes of the public transport system of the Capital Area of Iceland, 

it was determined that at least three different technologies of EVs could be 

implemented. The three options would be able to transport the required number of 

passengers in 9 of the 10 analyzed routes. The electricity consumption would not 

represent an obstacle to develop the projects as each case would use less than 4 GWh 

per year and the yearly electricity generation exceeds 17000GWh. The main factor that 

would really stop the current fleet to become an EV fleet is the high economic cost 

related to the battery lifetime from each technology. For all the cases the diesel bus 

option represent less economic cost but evidently higher CO2 emissions. It would just 

be necessary to evaluate the cost benefit of getting rid of the CO2 emissions if the 

decision to invest in one of the projects proposed in this study would be taken. A further 

analysis to the NPV is recommended considering a sensitivity analysis of the 

investment costs. This analysis might give more optimistic economic results by 

considering the forecast for massive production of EVs and so, lower costs for electric 

buses.  
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Appendices 

 

Appendix 1. Supporting Data For Electricity Consumption Of EV  

 

Table 11.Electricity Generation in Iceland from 2005 to 2050[58]. 

 
 

 

Appendix 2. Capital Area Public Transport System 
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Fig. 48 Map of the routes from the Public Transport System in Iceland[5]. 
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Appendix 3. Support Information For EV Model 

 

A. Detailed Explanation from Propulsion Force Equations 

 

Vehicle´s accelaration: 

 

Total resistivity force:           

 

 

where: 

M=overall mass of the vehicle. 

= vehicle acceleration.  

= mass factor to convert the rotational inertias into equivalent 

translational mass.  

Ft = total traction force to the vehicle. 

= total resistive force. 

g = acceleration of gravity. 

Crr = coefficient of rolling resistance between the tires and the road 

surface. 

= density of the ambient air. 

A= vehicle frontal area. 

Cd = drag coefficient. 

V= vehicle speed. 

Vw = is the wind speed 

= slope angle with negative value for a  downhill slope, 
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B. Energy Model Explanation 
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Appendix 4. Supporting Data From Battery Chemistry Comparison. 

Table 12. Technical Performance by Existing Battery Type[23]. 

 

 

Fig. 49 Ragone Plot of various electrochemical energy storage and conversion devices. [59] 
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Appendix 5. Data from Group A, Straetó Routes Analysis 

 

 

Fig. 50 Approximated number of passenger per hour boarding each block of routes 2, 4, and 18 during the weekdays. 

 

  

1 2 3 4 5 6 7

Route 2 43,446 40,517 38,225 56,042 49,231

Route 4 61,80 57,09 61,51 69,49 81,43 74,35 77,19

Route 18 43,75 43,70 42,70 42,78
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Appendix 6. Data from Group B, Straetó Routes Analysis 

 

 

Fig. 51 Approximated number of passenger per hour boarding each block of routes 5, 13, 17, 35, and 43 during the 

weekdays. 

 

  

1 2 3 4

Route 5 56,64 53,75

Route 13 36,74 35,50 55,71 27,47

Route 17 43,26 45,29 43,74

Route 35 17,87
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Appendix 7. Data from Group C, Straetó Routes Analysis 

 

 

Fig. 52 Approximated number of passenger per hour boarding each block of routes3 and 6 during the weekdays. 
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Route 3 56,25 56,75 55,35 104,63 98,96 107,27
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Appendix 8.  Block Diagram From The Energy Consumption Of An 

Autonomous Trolleybus in Iceland 
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Fig. 53. Block diagram for the energy consumption of the trolleybus in Iceland to develop the algorithm for the coming version of the EVA 

System. 
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Appendix 9. Electric Infrastructure for Group A 

 

Fig. 55 Reykjavik Capital Area Map with the location of the charging stations and the bus depot for the routes of group A 
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Appendix 10. Electric Infrastructure for group B 

 

Fig. 56 Reykjavik Capital Area Map with the location of the charging stations and the bus depot for the routes of group B 
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Appendix 11. Electric Infrastructure For The Routes Of Group C 

 

Fig. 57 Reykjavik Capital Area Map showing the section for OHW on route 3 and 6 and the bus depot for the routes of group C. 


