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Electric vehicles (EVs) are different from regular hybrid electric vehicles; they use electricity from an external source to propel part or all of their mileage. The usual source for the electricity is the power grid, although PV panels or other small scale generation can also be used to directly charge the vehicle batteries. 
EVs in this report cover both full electric vehicles (FEV) and plug-in hybrid electric vehicles (PHEV). EVs have potential to contribute to more efficient operation of power systems through intelligent timing of their charging and discharging. This possibility frames the main perspective of the report. The report is background material for the Task XVII of IEA Demand Side Management Programme – Integration of Demand Side Management, Energy Efficiency, Distributed Generation and Renewable Energy Sources. EVs can potentially decrease the integration costs of distributed generation and variable power sources by creating flexibility in the power system. On the other hand EVs compete with other possible sources of flexibility including those of demand side management (DMS) and energy storages.
Second chapter of the report reviews the current status of EV technologies. Third chapter summarizes IEA and some other scenarios for the uptake of EVs. Fourth chapter is reserved for examining charging opportunities and therefore provides background for the next chapters. Fifth chapter presents factors affecting the electricity consumption of EVs. Sixth chapter shortly visits the issue of vehicle-to-grid (V2G). Last chapter provides a summary of findings.
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Figure 
1
. Main components in the energy train of a full electric vehicle.
)The main differences between EVs and conventional internal combustion vehicles are in the powertrain. Figure 1 shows the main components of a FEV powertrain and related electrical components. Some EV components, like battery packs and battery management systems, are not yet produced in high numbers for automotive purposes and require further R&D. Other components are being mass produced for similar purposes as they will be used in EVs, including motors, chargers, and converters. While these can be already acquired at a reasonable cost, they could also benefit from optimisation to EV use. 
The critical part of EV technology is the battery and the management systems around it. Significant amount of research is ongoing to improve currently commercial battery chemistries as well as to find new chemistries (e.g. de Guibert 2009). Even though batteries are the most important factor for the future of the EVs, the area is only briefly covered here since batteries are not in the focus of this report. 
The main issues related to the EV batteries are cost, gravimetric weight, cycle life, calendar life, safety, and performance in low and high temperatures. For PHEVs sustainable charge rate is also an important factor especially if the battery has a small size and a high power is required in the vehicle operation. The cost of PHEV batteries is likely to be somewhat higher per kWh than batteries for EVs, since PHEV batteries require higher power. 
Competitiveness of EVs is highly dependent on the EV cost, but also on the fuel cost. Figure 2 shows the break-even cost of batteries depending on the fuel cost with one set of assumptions. For PHEVs the break-even cost is likely to be earlier.
 In the driving mode, controller draws current from the batteries or sends a signal to the optional battery management system (BMS) according to the pedal position and motor status. If BMS exists, then it distributes the required current draw between the cells in order to maintain similar state of charge between the battery cells and prolong the battery life. PHEVs require more complicated control strategies since they have to optimise between electricity and fuel use (e.g. Rousseau et al 2007). 
 (
Figure 
2
. Break even battery cost for FEVs compared to internal combustion engine vehicle. Annual driving of 20 000 km is assumed for both vehicle types.
)If the EV has an AC motor, converter is required to convert DC from the battery to AC before the controller. This adds to the costs and complexity, but AC motors can be more efficient than their DC counterparts. Current goes through the controller to the motor, which turns the drive train. In-wheel motors can be used to bypass the whole transmission with the drawback of heavier wheels. A charger without BMS tries to optimise the charging process and terminates the charging once the batteries are full enough. If BMS exists, then charger communicates with the BMS to optimise the charging profile according to the information BMS has gathere about the individual cells.
There are at least three different PHEV concepts. A series hybrid is connected to the wheels only through the electrical system. It therefore has a generator producing electricity from the fuel. A separate motor uses electricity either from the battery or from the generator to turn the wheels. A paraller hybrid has an engine and a motor separately connected to the drive train. In a pure paraller hybrid fuel cannot be used to charge the batteries. A power-split hybrid means that there is a connection from the engine to the wheels through a generator as well as through the drive train. A power-split device controls where power is drawn from and makes it possible to charge the batteries with the engine/generator.
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Figure 
3
. Share of different vehicle types in 2050 according to IEA 2009.
)IEA Transport, Energy and CO2 – Moving Toward Sustainability (IEA 2009a) presents several scenarios for EV uptake in the next decades. Here three scenarios are presented: Baseline, BLUE Map and BLUE EV/Shifts. The baseline scenario assumes continuation of current trends without any breakthrough of EVs. BLUE Map scenario forces a decrease in transport related CO2 emissions and assumes that EVs will be the largest type of personal vehicles globally by 2050. BLUE EV/Shifts assumes even larger share for EVs and a decrease in the use of personal transportation. (see Figure 3)
Figure 4 shows the estimated sales of different vehicle types in the BLUE Map scenario from 2000 to 2050. EVs start to gain considerable market share by 2025-2030 and dominate the markets by 2035-2040. It should be noted that the fuel cell vehicles in the chart are likely to be fuel cell hybrids, which also have batteries recharged from the grid.  
The IEA World Energy Outlook 2009 (IEA 2009b) also contains estimates about EV market shares. In the ‘450’ scenario it was assumed that climate warming will be restricted to 2ºC. In this scenario the share of EVs from personal vehicle says is 16% in 2020 and 28% in 2030. In comparison the reference scenario has no EVs by 2030.
In contrast to IEA scenarios, the two Shell 2008 Blueprint scenarios include one with EV penetration of one third by 2050 and one with only marginal penetration. Roland Berger Strategy Consultants (2010) has estimated in their most optimistic scenario that the share of EVs will be around 3% of new vehicles by 2015 (1.2 million) in the major markets and 8.8 million vehicles by 2020 (estimated number of new vehicles was 50.2 million in 2015). Deutsche Bank (2008) sees that estimates concerning the EV penetrations even in the near-term are highly uncertain.
In addition to these global estimates, national scenarios have been made in several countries. High scenarios can be found in UK (BERR 2008, highest up to 20 million EVs in 2030, when the current vehicle fleet is around 28 million), in Sweden (Energimyndigheten 2009, up to 3.3 million EVs in 2030 with current vehicle fleet of about 4.3 million), in Switzerland (Alpiq 2009, around 15% in 2020), and in Finland (20% by 2030). 
The same sources usually have much lower penetration scenarios as well – it is clear that the range of estimates is high and reflects the high uncertainty whether EVs will manage to gain market share over conventional internal combustion vehicles.
 (
Figure 
4
. Sales of different vehicle types in the BLUE Map scenario (IEA 2009).
)IEA 2009c has collected together several national estimates and calculate that the aggregated range of sales by 2020 is 4-10 million vehicles depending on the assumptions about growth rates for those estimates that were not for 2020. The upper range is higher than the estimate in IEA 2009a, which has sales of around 7.5 million EVs by 2020.
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Charging of EVs can only take place at places where there is a grid connection available. Four major categories are distinguished here: home, work-place, public parking, and fast-charging facilities. In order to analyse grid impacts of EVs, these can be further divided according to charging capacities.
Most, if not all, EVs can be plugged directly to the grid through a standard electrical socket or with a multiphase socket. These are usually available, or can be made available at relatively low cost, in detached or row houses. In apartment houses and at work-places the possibility is dependant on the availability of dedicated parking lots and the possibility to install necessary wirings and charging posts. In colder climates these can already be available for preheating purposes. 
Work-place charging could potentially be of major importance especially for PHEVs, since it could halve the required battery size for the daily commute. Most FEV owners would likely have a large enough battery for a round-trip to work in any case and work-place charging opportunity would not be as valuable to all of them.
Public parking facilities do not usually have wirings available. It is an open question what portion of the parking spaces would require a charging opportunity in order to serve a certain penetration of EVs. Many EV owners might not use public charging at all, if it costs more than home charging.
A standard socket implies one-phase charging, which has rather limited charging capacity. A multiphase socket carries three phases and can increase the charging capacity considerably. Charging capacity is also restricted by the size of the wires from the distribution board and the related fuse size. Even if the wire size from the distribution board could be increased, main wirings to the distribution board can also restrict the available amperage especially if other high capacity appliances could be used simultaneously (e.g. dryers or water heaters). Simultanous use can be prevented with automatic switches if necessary. Apartment houses can face additional restrictions if high share of residents have EVs.
Even if charging opportunity can be arranged, for most situations there remains the need to measure the use of electricity and charge accordingly. Smart meters are becoming common place in many places of the world and their costs are already relatively low. However, arranging for meter reading and billing can be problematic. In principle techniques from cell phone billing could be used, but the volumes will be lower and costs per charge are likely to be higher – especially at low EV penetration levels.
Fast-charging means high power charging at dedicated charging stations. Some li-ion battery chemistries can be fast-charged and the time to reach around 80% state-of-charge is often quoted to be around 15 minutes. However, at least frequent fast-charging can detrimentally affect battery lifetime. While fast-charging can enable use of FEVs for long distance trips, most daily driving will still be within the planned battery capacities. This implies that most FEV users will use fast-charging stations rather infrequently. Fast-charging requires high voltage electricity distribution and relatively expensive charging stations. It remains to be seen how much of these will be profitable to build. PHEV users are likely to use fuel rather than fast-charging in long distance trips, since the small PHEV battery packs would require frequenct fast-charging.
Charging opportunities are naturally dependant on driving patterns and when the EVs could be plugged to the grid. Figure 5 shows when personal vehicle users depart or arrive at home and work. The figure is based on data from the National Travel Survey of Finland (WSP LP Consultants 2006), but the original data has been processed. 
 (
Figure 
5
. Number of departures and arrivals from home and work for personal vehicles in the Finnish NTS data
)
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This chapter covers different aspects of electricity consumption of EVs. Most important aspect is the amount of consumption, although from the power system perspective timing of the charging could be more influencal. Timing is affected by the available periods for charging, charging strategies, and expectations of vehicle users about the status of the battery. Expectations are affected by the vehicle type (PHEV/FEV) and the size of battery pack, since a large battery pack does not necessarily need to be always full at the time of the next departure.
Typical average consumption of battery electricity for EVs is between 0.17-0.25 kWh/km depending on the vehicle mass, drag and driving conditions. However, it should be noted that FEVs consume more grid electricity than what the batteries can output to the power train, since there are losses in charging and inside the batteries. 
EVs will increase the consumption of electricity. However, per capita consumption of electricity, vehicle ownership, and average daily driving distances all have a large variation from country to country. Therefore, the increase in electricity consumption due to high penetration of EVs would also exhibit large variation. With an average daily driving distance of 50 km, per capita electricity consumption of 9.1 MWh/person (OECD average in 2007), 0.5 EV vehicles per capita (approximate for conventional vehicles per capita in OECD), and an average grid electricity consumption of 0.2 kWh/km would yield a 20% increase in the electricity consumption.
Possible charging periods are those when the vehicle could be plugged to the grid and these depend on the factors reviewed in the previous chapter. If EVs are always plugged to the grid when it is possible, it is left to the charging strategy to schedule the charging. The most straightforward strategy is to start charging right away at highest available charging capacity until the battery is full. With high EV penetration this is likely to create a new peak in consumption at the system level and at residential area distribution grid feeders. If, as it is probably likely, most EV charging will take place at homes when people come from work or from running errands in the afternoon, the new peak will be in the late afternoon/early evening.
From the power system persceptive the perfect strategy would include information about the cost of electricity during the possible hours of charging as well as values for the different ancillary services that the EVs might be providing. In a perfect situation, it would be known before hand when the vehicle is going to be used next time and how much electricity the batteries would need at that time. There would also be information about the discounted cost of battery degradation as a function of charging level and charging depth. With such perfect information, the benefits of EVs to the power system could be of same magnitude as the costs of charging. However, even if this was the case, the monetary value is not very large and it needs to be contrasted with the unperfect world where the car might be needed earlier than what was anticipated. For many future EV users, immediate charging could hold considerable value.
In the real world, an acceptable smart charging strategy is required. It could be likely that only a small portion of future EV owners would be willing to set the next departure time every time they plug-in. For most users the best option might be to have prescheduled departure times for the vehicle with an override option to start charging immediately. Even this will not be easy enough for some portion of the users and they are likely to prefer immediate charging no matter the cost, which in most cases will be moderate.
Smart charging EVs could not only charge according to real time electricity prices, but also offer ancillary services to the power system. Ancillary services include operating reserves, which maintain the frequency of the grid within acceptable margins. A group of charging EVs could stop charging if the system frequency is going down and therefore provide automatic primary or secondary frequency control reserves. Once the manual tertiary frequency control reserves have been activated, EVs could resume charging. Primary reserves exist to restore frequency after an unexpected large drop in frequency due to power plant or tranmission line failure. EVs with V2G could provide this service for the power grid, since with high EV penetration the discharging capacity of the EVs would be large enough. However, in such a case, the market value of the service would collapse and revenues for EV owners would likely be small. This can also be the case for other ancillary services with limited needs and with increasing participation from other demand side management options.
While conditions will vary considerably from country to country, an example of EV behaviour is shown here to demonstrate the possible effects of EVs in the power system. Finnish data from the National Travel Survey was analysed in order to extract possible charging periods. It was assumed that almost all EVs could charge while at home and a small share also at work. No other charging opportunities were considered. Figure 6 shows the share of vehicles plugged-in during a typical week. It is notable that at all times large share of vehicles could be plugged-in. Figure 7 shows how much electricity EVs arriving to the grid had spent after their previous charging opportunity. In other words, this is the amount of electricity that has to be charged into the batteries before they leave again. Figure 8 presents the effects of immediate charging. In this example EVs increase the annual electricity consumption by 3.5% and they are half 
FEVs and half PHEVs. Figure 9 is the same as Figure 8, but with smart charging EVs, which are also capable of V2G i.e. discharging when electricity prices are very high.
Important aspect to EV charging is that of distribution networks. In many areas distribution grids are already overburdened. In these cases additional load from EVs can force costly network upgrades. On the other hand smart charging EVs could be used to prevent this from happening and V2G might even help to postpone distribution grid enforcements. However this would require additional information to control the charging on top of the market signals and vehicle user settings.


 (
Figure 
7
. Charging room in the batteries arriving to the grid
Figure 
6
. Share of EVs plugged in during four days
Figure 
9
. Charging pattern of smart charging EVs added to demand
Figure 
8
. Charging pattern of immediate charging EVs on top of demand
)
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Vehicle-to-Grid (V2G) means that EV batteries could also be discharged to the grid, when the value of doing so is high enough. Whether this makes sense depends on the costs and benefits involved. At the operational level benefits could be accrued when the cost difference between charging and discharging is high enough to cover the round-trip efficiency loss and any degradation that the battery will experience due to extra cycling. 
Round-trip efficiency of Li-ion batteries in automotive use is 80-90% depending on the characteristics of the duty cycle (Valøen and Shoesmith 2007). Battery degradation depends especially on the depth-of-discharge and on the charge/discharge currents. A very high or very low state of charge (SOC) degrades battery more than operating around 20-80% SOC level. High charge currents are more degrading than low currents – exact values are dependant on the specific li-ion chemistry.
Plain charger would not be able to discharge from the vehicle batteries; hence additional equipment has to be installed either in the vehicle or at the charging point. For EVs with 3-phase AC motors this could be less expensive, since they would already have the required inverter.
V2G discharging can also participate in the intra-day or ancillary markets.  The value to provide these can be higher than spot market value, but the markets are not as straightforward. Intra-day markets operate in similar manner as spot markets and new positions can be taken according to the price information. 
Primary frequency control reserves provide backup power when large power plants or transmission lines unexpectedly trip off from the grid until slower manual reserves are activated to relieve the primary frequency control reserves. These reserves can be interesting to V2G EVs, since they are used only rarely and receive payments according to available capacity. 
Secondary frequency control reserves are used automatically to correct small deviations in frequency that occur throughout the operating hour. This is usually performed by spinning power plants that can change their output easily. V2G is probably not a very good solution for this due to the costs of cycling the batteries. However, smart charging could be useful if the timing of the charging is changed according to the needs in the secondary frequency control.
Tertiary frequency control reserves are called manually to replace primary or secondary frequency control reserves, when they need to be relieved. Again, V2G has the extra burden of cycling costs and it is likely that cheaper options are usually available in the power system.
The value of V2G is thus dependent on possible sources of income versus the costs from efficiency losses, battery degradation, and additional capital expenditure. In current situation there probably are many power systems where it would be profitable to have vehicles with V2G. However, if different kinds of demand side management and smart charging EVs will be increasingly available in the future, the possible revenues will diminish as the spot market price differences will get smaller and prices for ancillary services will go down. Another trend in the opposing direction is that of increasing penetration of variable and partially predictable production like wind power.



Present situation electric vehicles in participating countries

Country-specific description produced by the experts
· what technologies are in use and their present penetration
· any standardization of charging systems
· policies related to the EVs
· charging studies/simulations, metering and ICT related to the charging infrastrucure
· any data on vehicle travel, which could be transformed into electricity consumption and possible charging times for EVs
· ...
· list of research and demonstration projects and case studies to be included in the case study data base

The penetration scenarios for 2010-2020-2030 will be developed later 
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