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Summary 

Optimization and proper planning of electric vehicle systems becomes even more important as the number 

of electric vehicles grow, and the vehicles interact when sharing the same charging infrastructure. Different 

aspects related both to the vehicles themselves and the charging has to be considered in order to achieve a 

system that is economically competitive to conventional systems while providing a higher level of comfort. 

In this paper, detailed system simulations are performed in order to demonstrate various aspects related to 

opportunity charged systems and the economical impact is analysed.  
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1 Introduction 
Electrification of transport has gained a lot of interest during the last years. Electric vehicles have many 
benefits as compared to conventional vehicles – such as high energy efficiency, no local pollution and low 
noise levels. The major obstacles in electrification of transport are related to the limited range of the vehicles 
and the high costs. When it comes to heavy duty vehicles, such as electric buses or trucks, opportunity 
charging has been offered as a solution. With frequent fast charging, the range of the vehicle is no longer an 
issue, and with a down-sized battery, the costs can be kept at an competitive level [1]. Pilot studies with 
electric buses have been going on around Europe for several years already, and the technology has been 
proven to work in practise. In order to roll out in full-scale commercial operation, the electric bus system 
needs to be planned with care. The charging infrastructure has to be able to serve all buses without being 
oversized causing additional costs. The buses and fleets have to be correctly dimensioned to be able to provide 
the required service the whole day without interruptions.  

The problem has been approached in multiple ways in the literature. Various methods for selecting the 
suitable routes, the battery size and charging locations have been proposed in the literature. In [2], a model 
is proposed to select routes for electric buses while optimizing either the energy consumption or the costs, 
and in [3], a method for optimization of the charging locations is proposed. Neither of these methods address 
the schedules. In [4], a mixed integer linear optimization problem is used to describe the optimal placement 
of charging stations and their sizes. A genetic algorithm is used for scheduling and determination of the the 
fleet size for two types of electric buses when charging is available only at the depot in [5]. In [6], the locations 
of chargers and the battery capacities of the buses is optimized for a whole route network, assuming that 
chargers located at larger transport hubs are dedicated to specific lines. Simulations are used for evaluating 
the energy consumption for various bus types and conditions in [6, 7, 8, 9]. [7] proposes a method to optimize 
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the speed profile while [8] concentrates on the selection of batteries for the buses. [9] uses the output of the 
simulation to optimize placement of chargers and to minimize the charging time. In this paper, different issues 
related to opportunity charged vehicles systems are discussed and the influence of different parameters are 
demonstrated by means of simulations. The approach is practical in the sense that data and experiences from 
real operation of electric buses are included in the simulation model. A cost analysis is presented, and the 
costs of electric buses are compared to the costs of conventional diesel buses. The outcome of the analysis 
can be used to optimize the operation. 

2 Electric bus system 
The bus schedule is the corner stone of the bus operation regardless of what kind of vehicles are used. A 
properly designed vehicle rotation enables cost-efficient use of the vehicles while offering a good service 
level for the passengers. Typically, the number of vehicles in operation vary throughout the day. During rush 
hours in the morning and afternoon, the amount of passengers is high and a short departure interval is desired. 
At the same time, buses are more prone to delays due to congestion. As a result, the required number of 
vehicles is usually higher during these peak hours and part of the vehicle fleet is not in use during other times 
of the day.  

A system of electric buses sets additional requirements to the vehicle rotation. In a system of conventional 
buses, the range of the bus does not need to be considered as any bus available at the market can operate the 
whole day and refuelling is very quick. In the case of electric buses, the situation is different as these aspects 
set limitations to the operation of the buses. Depot charged buses might need extra breaks at the depot for 
charging in the middle of the day. Opportunity charged buses can operate practically non-stop, but time 
necessary for charging has to be taken into account in the schedule. Opportunity charged buses have been on 
the market for only a few years, and the bus manufacturers provide different kinds of technical solutions 
regarding the driveline and charging. Hence, to find the optimal solution, the process should include both the 
scheduling and the vehicle design. 

The system of opportunity charged buses becomes even more interesting when several lines are electrified. 
When buses operating on different lines share the same charging infrastructure at large transportation hubs, 
there is a potential of lowering the costs related to the charging infrastructure when the utilisation of the 
chargers becomes higher. On the other hand, there is also a risk of queues to the charging stations if the 
number of charging stations is minimized and some disturbance occurs. In other words, analysing only one 
line at a time is not sufficient, but the whole system including both fleet and chargers needs to be considered 
in order to ensure a reliable operation of the buses without raising the costs. As electrification of other sectors, 
such as service vehicles and logistics, proceed in the future, also these sectors might have an influence on 
public transport through shared charging infrastructure.  

2.1 Battery 

The choice of battery has a great influence on the energy consumption and range of the vehicle. Different 
types of batteries exist with various characteristics. Ideally, the battery has both a high energy density and 
high power rating on charging. A high energy density allows a quite high capacity without adding too much 
weight on the bus. High charging powers allow for rapid charging sessions whenever necessary without 
having to alter the bus schedule. Currently, the most attractive batteries for opportunity charging electric 
buses are Li-ion batteries with either LTO (lithium titanate oxide) or graphite (G) anode and a NMC (nickel 
manganese cobalt) type. The LTO-NMC battery can withstand relatively high charging powers, i.e. high C-
rates, but the energy density is low. G-NMC batteries have a much higher energy density, but on the other 
hand, the maximum C-rate on charging is much lower than for LTO batteries. Hence, there is a trade-off 
between energy density and power rating. 

Another important factor is the battery aging. Vehicle depreciation times are often around 15 years, and the 
battery has most probably to be replaced at least once during that time. The Li-ion battery aging is a complex 
combination of electrochemical and mechanical processes causing capacity decrease and power fading. These 
aging processes can be divided into two groups: aging during use and aging during storage. In other words: 
aging related to cycle life (driving) and aging related to calendar life (idling). 
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The degradation processes take place in the battery’s electrolyte, especially at the interfaces with the anode 
and the cathode. Thus, the aging mechanisms strongly depend on electrodes composition. The key factor in 
Li-ion battery aging is the formation of the solid electrolyte interphase (SEI) layer on graphite anode. The 
SEI layer is naturally created during the first charge and it works as a protective barrier between the anode 
and the electrolyte. However, the SEI layer is not stable, but it develops over time, which induces loss of 
lithium ions. The wide range of degradation mechanisms can be clustered into three degradation modes: loss 
of lithium inventory, loss of active anode material and loss of active cathode material. 

Li-ion battery degradation rate is greatly affected by the battery operation practices and the conditions where 
the battery is operated and stored. The factors that affect the degradation rate are called degradation stress 
factors. The most important degradation stress factors related to cycle aging are high cycle depth, high 
average SOC, high C-rate and high or low operating temperature. For calendar aging the main stress factors 
are high storage temperature and high storage SOC. 

Furthermore, the battery losses need to be considered. Ideally, all stored chemical energy would be converted 
to electrical energy. However, polarization losses occur when a load current passes through the electrodes. 
Because of internal impedance, a voltage drop is present during discharging. This voltage drop is typically 
called ohmic polarization or IR drop, and it follows the Ohm’s law, i.e., it is proportional to the magnitude of 
the load current. The total internal impedance of a cell is the sum of the ionic resistance of the electrolyte, 
the electronic resistances of the active mass and interfaces, the current collectors and electrical tabs of the 
electrodes, and the contact resistance between the active mass and the current collector. Polarization effects 
consume part of the total energy as heat losses and thus reduce the efficiency of the conversion.  

The efficiency grades of lithium-ion batteries depend on the battery technology, discharge rate, and 
temperature. Typically the roundtrip energy efficiency of a full discharge–charge cycle of a large Li-ion 
battery at room temperature is higher than 97% for low rates less than or equal to C/3 and higher than 90% 
at a rate of 1C. 

2.2 Charger 

The conceptual design of the charging management and its optimisation is at the heart of implementing 
opportunity charged electric bus systems. As already stated, the charging power as well as the charging 
locations and number of chargers at each location need to be determined carefully. The charging power 
determines the time needed for charging, but it is also directly proportional to the costs of the charging 
infrastructure. Higher powers mean shorter charging times and lower operational costs, but the capital costs 
might outweigh the savings.  

When selecting the type of charger, there are multiple aspects to consider. Charging interfaces can be either 
conductive or inductive. The most common solution is a pantograph, either roof-mounted or inverted. Other 
solutions include connections to the bus from the side or from the bottom. Conductive charging can provide 
very high power levels, whereas the maximum power of inductive solutions is currently 200 kW. The limited 
power level compared to the contact interfaces means that inductive charging requires longer charging times, 
or more charging points along the line.  

When pantographs roof-mounted on the bus are being used, each vehicle must be equipped with a pantograph, 
and the cost and weight of each vehicle is slightly increased. The impact on service and maintenance might 
be more important. In case a roof-mounted pantograph is out of order, only one vehicle has to be taken out 
of service for maintenance. However, if the infrastructure-mounted (‘inverted’) pantographs are used, and 
the pantograph for some reason stops working, the whole bus line is affected, as the charging node cannot be 
used. As the probability of malfunction of the different solutions have not been analysed, it cannot be said 
whether one solution is better than the other. 

Another aspect of the charging interface is the communication between the charger and the bus. With roof-
mounted pantographs, wired Power Line Communication (PLC) is utilised while wireless communication, 
such as Wi-Fi, is needed in the case of inverted pantographs. The utilization of wireless communication 
between the bus and the charger increases the requirements for cybersecurity and system robustness, as the 
system becomes more vulnerable against external interference.  
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The charging power is directly linked to the energy that can be obtained from a charging event within a 
limited time. Hence, the power is closely interlinked with the bus schedules. It should be noted, though, that 
the charging power is not constant throughout the entire charging session, but the power decreases as the 
battery state of charge increases above a certain level, given the operational limits of the battery management 
system. Furthermore, the time needed for connection and disconnection of the charger depends on the 
selected solution. 

3 Evaluation of electric bus system 

3.1 Simulation method 

In this paper, a simulation method based on [10] and [11] is used. Routes are based on data obtained from 
open data sources. Each route includes information on the length, curvature, elevation, speed limits and 
locations of bus stops and stoplights. A dynamic model of each vehicle is utilized, where the total force acting 
on the vehicles depend on the slope of the road, the rolling resistance and aerodynamic drag as well as the 
acceleration. The speed set point is created dynamically as in [11], and it is determined based on the speed 
limit and traffic conditions. The speed is also somewhat affected by the road curvature. The acceleration and 
deceleration is limited in order to avoid too harsh speed variations and to mimic the behaviour of real drivers. 
The simulations are based on actual duty cycles, and statistical variation is introduced in the simulation 
through variation of the stopping frequency, passenger amount, and stopping time. The driveline is modelled 
in a rather simple way in order not to slow down the simulation too much. An efficiency map dependent on 
the speed and torque is used to present the electric machine. The inverter has a constant efficiency. The battery 
is modelled as a constant voltage source with an internal resistance in order to include the influence of losses 
depending on the discharging and charging power.  

In the simulation, chargers are located at selected bus stops. Each charger is defined by a maximum power 
that can be drawn from the grid and a maximum number of buses that can charge simultaneously. When a 
bus comes to a bus stop with a charger, it starts to charge in case there is a free charging node. As the battery 
state of charge is reaching a predefined maximum value, the charging stops and the charging node is free for 
the next bus to use. In this manner, the interaction between vehicles at the charging station is taken into 
account, and the simulation can easily be extended to any number of vehicles and routes. The charging power 
is determined by the battery capacity and state of charge. The maximum power is used only in the beginning 
of the charging session, and the power decreases as the battery state of charge increases.  

3.2 Total cost of ownership 

The total cost of ownership (TCO) analysis combines most of the technical aspects regarding the electric bus 
solutions, but also operational and energy management aspects play a key role. For example, the productivity 
of the electric bus system collapses if the traction battery is empty before reaching the next charging station. 
A TCO analysis comprises relevant capital costs arising from owning a bus fleet: purchase of the bus, battery 
and charging infrastructure. The operational costs arise from energy as well as service and maintenance. 
Furthermore, each of the components (vehicle, battery, chargers) have their own service life (depreciation 
time) that has to be taken into account.  

The basis of the methodology and approach on techno-economics and TCO is described in [1]. In addition to 
that approach, the present analysis adds several aspects relevant to the implementation of electric buses at 
system level, including the charging and energy management, operability and availability of the buses and 
the charging infrastructure, as well as aspects related to the service level and operational scenarios in the 
public transport system. Labour costs have not, at this point, been taken into consideration in the TCO. 

In the analysis, the concept of service level is introduced. The service level here is understood as the fleet’s 
capacity of transporting passengers over time. While diesel buses are proven technology with commercial 
availabilities at 98-99%, this is currently not the case with electric bus systems; real system availabilities of 
recent electric bus system implementations have been reported very scarcely. The PTA’s and PTO’s need 
reliance on the new technologies and solutions before large roll-out tenders can commence. Key aspects are 
availability, reliability and operability of the system. These need to be addressed in the TCO. 
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When replacing a fixed number of conventional diesel buses with fully electric buses, the number of electric 
buses needed to ensure the same service levels is assessed. There are several parameters that affect the number 
of electric buses and charging devices or charging points needed for the same service. These include the 
available driving range of the bus in between charging events and the subsequent time and place needed for 
charging during the day, availability of the electric buses for operation from vehicular technology perspective, 
and availability of the charging equipment for the buses. The characteristics of the bus line analysed also play 
an important role, especially the length of the line, topography, duty cycle, energy consumption per km, the 
load (number of passengers) and stopping frequency in each section of the line.  The operational scenarios 
of the vehicles in terms of rotations, time schedules and available charging times can have a major impact on 
the fleet TCO. Each of the factors mentioned affect the number of vehicles and chargers needed for the 
service, and thus the total capital cost of the system in comparison with the diesel bus fleet.  

4 Results 

4.1 Simulation results 

In this paper, simulations were performed to demonstrate the influence of different vehicle fleets. An electric 
bus pilot project has been going on in Helsinki for a few years [12], with fully electric buses operating on 
four different lines. Two of these lines were chosen for this analysis. Line 23 is about 9 km long, and it runs 
in the very city centre. Line 51 is also an urban line, but it is almost twice as long as line 23. Both lines have 
charging stations at both ends.  

Statistical variation of the passenger amount, stopping frequency, stopping times, traffic flow and charging 
times was implemented based on data obtained from real bus operation. For instance, the stopping frequency 
depends on the time of the day, and in the simulations it was described by a normal distribution defined by 
mean values and standard deviations that varied throughout the day. Up to 50 days of operation was simulated 
on each line. Hence, the simulations represent the expected results of operating the lines exclusively with 
fully electric buses. 

Two different types of vehicles were implemented. First, vehicles equipped with a down-sized LTO battery 
was analysed, and secondly, vehicles with a medium-sized NMC battery was used. The main parameters of 
the vehicles are shown in Table 1. The weights of the buses were slightly different, but except the batteries, 
the powertrains were identical. The maximum charging power also differed as the LTO battery can withstand 
higher charging powers than NMC. Different charging scenarios were analysed; charging at both ends of the 
line, and simulations with either of the chargers out of use.  

The main results from the simulations are shown in Table 2. The average consumption of the two vehicle 
types are almost the same. The consumption of the bus equipped with LTO batteries is somewhat higher than 
the bus with NMC batteries, but the difference is rather small reflecting the fact that the buses have almost 
the same weight. In the simulations, the bus was required to have a battery state of charge level of at least 
30% before every departure. The disturbance risk indicates the frequency at which disturbances occur having 
this requirement. On line 23, a total number of 7 buses are used, and as 50 days of operation were simulated, 
a total number of 350 bus days were analysed. Out of these, disturbances occurred only once in the 
simulations with charging only at the railway station, otherwise, there were no disturbances at all. In other 
words, the battery capacity is in both cases large enough to withstand an unsuccessful charging event or 
charger malfunction at either end of the bus line, and the bus has enough time to charge. Examples of the 
battery state of charge for one of the buses is shown in Figure 1. It can be seen that the bus occassionally 
arrives so late to the end bus stop that the charging time is too short for a full charge up to 80%. However, 
the safety margins are large enough, and the bus never runs out of energy. 

When electrifying entire bus fleets, queues to the charging station might occur. In the simulations, the 
charging queues were handled on a first come first served basis. With only seven vehicles on this bus line, 
the probability of queues to the charger were relatively low, and no intelligent optimization strategy is needed. 
For instance, when charging is available at both ends, a bus is expected to have to wait for the charging with 
a probability of 3%, and in these cases, the average queueing time has been only 14 s. Short queues like this 
has practically no influence at all on the bus operation. What is interesting to see, is that the queueing 
probability is even lower in case charging is available only at the railway station. The risk of queues are  



EVS32            6 

Table 1. Main parameters of simulated vehicles 

Battery chemistry LTO NMC 

Battery capacity (kWh) 70 140 

Vehicle mass (kg) 10 553 10 241 

Nominal motor power (kW) 130 130 

Nominal motor speed (rpm) 1 600 1 600 

Maximum charging power (kW) 350 280 

 

Table 2. Main simulation results on line 23. 

Battery LTO LTO LTO NMC NMC NMC 

Charging scenario Both 
ends 

Invalidi- 

säätiö 

Railway 
station  

Both 
ends 

Invalidi- 

säätiö 

Railway 
station  

Average consumption 
(kWh/km) 

0.97 1.00 0.99 0.95 0.95 0.94 

Disturbance risk (%) 0 0 0 0 0 0.3 

Charging queue 
formation (per bus per 
day) 

0.03 0.02 0.003 0.10 0.13 0.065 

Average queueing time 
(s) 

14 16 5 31 49 47 

Charger utilization, 
railway station (%) 

17.4 0 28.0 14.6 0 37.7 

Charger utilization, 
Invalidisäätiö (%) 

20.7 28.6 0 32.1 40.6 0 

 

 
Figure 1. Battery state of charge on line 23 for mid-sized NMC-battery (left) and down-sized LTO-battery (right). 

slightly higher for the NMC battery, simply because the charging time is longer. On the other hand, the NMC 
battery has larger capacity and therefore offers a better operational flexibility in case some charging is 
skipped. The more time a vehicle needs for charging, the higher is the risk that the next vehicle arrives before  
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Table 3. Main simulation results on line 51. 

Battery LTO LTO LTO NMC NMC NMC 

Charging scenario Both 
ends 

Malmin-
kartano 

Haka-
niemi  

Both 
ends 

Malmin-
kartano 

Haka-
niemi  

Average consumption (kWh/km) 0.88 0.90 0.87 0.84 0.85 0.84 

Disturbance risk (%) 0 21.5 29.2 0 0.8 1.3 

Queue formation (per bus per day) 0.64 0.49 0.67 1.32 1.47 1.28 

Average queueing time (s) 109 131 178 177 168 266 

Charger utilization, Hakaniemi (%) 30.7 0 39.3 42.4 0 55.1 

Charger utilization, Malminkartano (%) 29.5 38.0 0 41.3 55.2 0 

the charging has ended. On average, the queueing time was less than a minute, and as the line is fairly easy 
with long turnaround times, the charging queues did not cause any disturbances. 

The charger utilisation is another important aspect of the operation. The charger utilisation was calculated as 
the time the charger is occupied compared to the entire bus operation time, i.e. the night hours when there is 
no bus traffic were left out of the analysis. On bus line 23, the charger utilisation was notably higher at the 
Ruskeasuo end than at the railway station. This is because of the elevation profile of the line, travelling from 
the railway station to Ruskeasuo requires more energy than travelling in the reverse direction, and the bus 
will spend more time charging at Ruskeasuo. 

The results on bus line 51 are shown in Table 3. This bus line is characterized by a slightly lower average 
consumption than bus line 23, but the line is much more demanding due to its length. As a consequence, the 
risk of disturbances is much higher. With both chargers functioning, no disturbances occurred, but when one 
of the chargers is out of use, the risk of disturbances with a small battery is very high. For instance, when 
charging only at Malminkartano, the average risk that a vehicle is not able to fulfill the given schedule is 
21.5%. It should be noted, that this risk is highly dependent on the vehicle rotation and what departures a 
specific vehicle is planned for, and some of the vehicles were more prone to disturbances than others.  

Bus line 51 is operated by 15 vehicles, hence, the risks for queues to the charging stations are higher than on 
bus line 23. On average, the bus equipped with an LTO battery queues for the charging station 0.64 times per 
day, while the bus equipped with an NMC battery queues 1.32 times per day in the case both charging stations 
are working. The average queueing time varies from a couple of minutes up to over four minutes. Some quite 
long queueing times were observed, and the bus equipped with an NMC battery was sometimes not able to 
charge at all when only one charger at each end of the line was available. However, the battery capacity is 
high enough for the bus to complete several rounds without charging, and the system disturbance risk was 
much lower than for the bus with the smaller LTO battery.  

As compared to line 23, the chargers are more evenly used, and no significant difference can be observed. In 
the case of an LTO-battery bus, the chargers are used approximately 30% of the time, and up to 40% if one 
of the chargers are out of use. The corresponding numbers for the NMC-battery bus are 42% and 55% as 
these buses require slightly longer charging times. Based on the simulations, queues occur on a daily basis 
even though the charger is used less than half of the time. This is due to the fact that at maximum 15 buses 
are in operation simultaneously and the driving time from one end to the other is sometimes over one hour. 
The variation in driving time on this long line can be up to 20 minutes, so that if one bus is late, there is a 
rather high risk that the next bus arrives before the previous has finalised the charging. This holds particularly 
for the NMC-battery buses. In the simulations, no intelligent charging strategy is applied, instead, every bus 
charges until the battery state of charge reaches 80% if the schedule of that particular bus allows. As the NMC 
battery has a large capacity, it could be wiser not to charge the battery up to this level every time, but to allow 
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the next bus to charge in case that bus has a lower state of charge. Intelligent fleet optimisation strategies 
could, thus, be very useful for this line. 

4.2 TCO input 

The main input parameters used in the TCO analysis are shown in Table 4. Current technological maturity 
level of electric buses (vehicular technology, including the battery systems) and the charging systems is not 
yet at the same level compared to conventional diesel buses, which are proven technology. This means that 
the availability of the system as a whole is somewhat lower for the electric buses and some extra vehicles are 
needed in the fleet to secure the same level of service. Secondly,  electric buses are always dependent on the 
charging systems. What is more, the opportunity charging buses are more susceptible to disturbances in 
operation and availability than depot charging buses, because the number of charging events is larger and 
they are charged all through the operative day. 

Diesel buses are assumed to have an availability of 98%, whereas the opportunity charging buses are at 90%. 
The opportunity charged e-bus concept is dependent on the automatic charging interface of the e-bus, the 
pantograph, which in this case was assumed to be roof-mounted on the bus. The charger availabilities are 
estimated to be 75%. This number comprises all reasons for which the electric bus cannot charge at a given 
time, for example, the charging point is occupied, the interface is not working, bus is badly positioned, the 
charger is down or doing self-diagnostics.  

Additional input parameters included the following: diesel consumption 40 l/100 km, price of diesel 1 €/l, 
price of electricity including transmission 0.1 €/kWh. It should be noted that current electricity tariffs depend 
on both energy and power. Information on the exact tariffs were not available and will vary from city to city. 
Service and maintenance costs for electric bus systems was 0.13 – 0.18 €/km, depending on vehicle and 
charger availability. In other words the service and maintenance includes for electric buses both the vehicle 
and the charging system. Real data on the actual S&M costs on electric bus systems is scarce or unavailable. 
For the service and maintenance costs of the chargers, the following is assumed for annual S&M cost: small 
depot charger 200 €/year, large depot charger 500 €/year, opportunity charger 5000 €/year. Additionally, the 
estimated S&M costs are assumed here to depend linearly on the availability of the vehicles and the chargers. 
In other words, the more the systems are unavailable for use, they need to be serviced and repaired, therefore, 
their S&M costs are increasing. For diesel buses the service and maintenance cost was assumed to be 0.18 
€/km. 

4.3 Results of TCO 

The results from the TCO of the fleets are shown in Table 5 and Table 6 for line 23 and 51, respectively. The 
approach of the analysis is that a service level in continuous operation is required. Therefore, in actual fact, 
more than nominal number buses are needed in the fleet. This is due to two factors. First, to get the number 
of buses needed for the service, the minimum fleet size for the service is divided by the availabilities of both 
the buses and chargers. Secondly, because the opportunity charging buses may have a range limitation in case 
charging is not available or the charging time is too short, more buses may be needed in the fleet since part 
of the buses need to be back at the intermediate parking or depot charging while the service is active. This 
gives the multiplier for fleet size due to limited range. 

Lifetime cost of the traction battery is another important parameter in the TCO calculation as already 
highlighted in earlier sections. The cycle life of Li-ion batteries depends on the materials/chemistry used and 
the duty cycle and conditions in operation. Typical battery lifetime for each line and bus concept was 
estimated from the line and operation data and the energy consumption from simulations. The delta of state 
of charge (SoC) during operation on the line was obtained and, based on that, the cycle life and lifetime of 
the traction battery in years resulted in. Typical lifetimes of the batteries in the study were in the order of 5 
to 12 years. There is significant uncertainty in the battery lifetimes used in the analysis, therefore, this part, 
although relevant as a methodical approach, is not accurate in terms of specific numbers. Therefore, the 
battery lifetimes reported here should be taken with care and indicative. 
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Table 4. Summary of the main input parameters to the TCO calculation. 

 Electric bus - 
LTO battery 

Electric bus - 
NMC battery 

Diesel bus 

Charger availability (average, %) 75 75 - 

Vehicle availability (average, %) 90 90 98 

Vehicle depreciation time (years) 14 14 10 

Charging efficiency (including battery, %) 91 92 - 

Charger depreciation time (years) 14 14 - 

Battery capacity (kWh) 70 140 - 

Battery maximum charging power (kW) 350 280 - 

Battery price (€/kWh) 1200 400 - 

Vehicle price (without battery, €) 360.000 360.000 220.000 

Charger power (kW) 350 (opp.) 
10 (depot) 

280 (opp.)  
20 (depot) 

- 

Charger unit price (€) 300.000 (opp.) 
4000 (depot) 

300.000 (opp.) 
8000 (depot) 

- 

  

Table 5. TCO of opportunity charging electric bus fleet in comparison with diesel bus on Helsinki line 23, a fleet 
providing the service level equivalent to 7 diesel buses. 

Fleet cost over lifetime Electric bus - LTO Electric bus - NMC Diesel bus 

Number of buses needed for service 7.8 7.8 7.1 

Bus fleet cost 2 800 000 2 800 000 2 200 000 

Number of batteries  10 19  

Total battery cost 811 493 1 081 648  

Charger costs 631 111 662 222  

Energy costs 729 249 692 178 2 681 280 

Maintenance costs 1 037 339 1 037 339 1 231 2000 

Total cost 6 009 193 6 273 388 6 112 480 

Cost per bus in service per year 61 318 64 014 62 372 
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Table 6. TCO of opportunity charging electric bus fleet in comparison with diesel bus on Helsinki line 51, a fleet 
providing the service level equivalent to 15 diesel buses. 

Fleet cost over lifetime Electric bus - LTO Electric bus - NMC Diesel bus 

Number of buses needed for service 17.9 16.7 15.3 

Bus fleet cost 6 459 749 6 000 000 4 714 286 

Number of batteries  18 21  

Total battery cost 1 507 275 1 165 686  

Charger costs 671 775 733 333  

Energy costs 1 478 769 1 380 522 6 048 000 

Maintenance costs 2 070 017 2 070 017 2 777 143 

Total cost 12 187 584 11 349 558 13 539 429 

Cost per bus in service per year 58 036 54 046 64 473 

 

 

5 Conclusions 
The energy consumption and performance of a bus fleet was evaluated by means of simulations. The 
simulations were based on actual duty cycles, and measured data from buses in operation was used as an 
input. Statistical variation of several parameters was implemented in order to mimic the real behaviour of a 
bus system, and the performance during charger malfunction was evaluated. TCO analysis was performed 
based on the simulation results. Both bus fleets perform well on a short line, while the buses are prone to 
disturbances on the longer line particularly in the case where smaller batteries are utilized. Intelligent 
charging management strategies could help up the situation. Based on the TCO analysis, both bus types are 
competitive as compared to conventional diesel buses even though the number of buses have to be slightly 
increased due to the lower availability. As the reliability of electric bus systems reach the level of 
conventional systems, the total costs are expected to further decrease. Future work will concentrate on a 
seamless integration of the simulations and cost analysis in order to automatically optimize the fleet and its 
performance under realistic conditions. Data on the battery lifetimes and maintenance costs of electric bus 
systems will also contribute to a more accurate evalution.  
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