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Executive Summary
Anthropogenic CO2 emissions contribute to climate change and may cause substantial societal costs
in the future unless their mitigation is tackled notably and rapidly and if global warming is limited to 2°C
(Stern, 2006). However, drastic CO2 reductions cannot be achieved by gradual efficiency changes in
power generation or power consumption alone. A new philosophy for power supply is needed. On the
other hand, it is very important to find sustainable energy strategies that allow a continuous transition
from today’s energy system towards 2050.
When analyzing the possibilities for CO2 reductions, it turns out that electricity generation and
mobility will play a key role in this context, since anthropogenic CO2 emissions originate mainly from
the combustion of fossil fuels. Due to their very intensive use of fossil fuels, the power generation and
transportation sectors play a major role in the CO2 abatement strategies in Europe in general and
especially in Germany, the largest European economy.
In this project, the focus is on major factors which are crucial for a significant market penetration of
PHEVs. It is not within the scope of this research project to develop a new vehicle. Besides research
questions concerning the vehicle itself we furthermore analyzed major issues concerning a grid
connection of PHEVs that allows them to serve as active loads or even active storage systems. The
results are expected to support both car manufacturers and electric utilities in their strategic decisions
regarding PHEVs.
The analysis of PHEVs begins with calculations regarding the optimal size of the vehicle battery. In
this study, technical as well as economic aspects are taken under consideration. As safety and
standardization is an important field for the market introduction of PHEVs an analysis of the most
important safety aspects and standards was performed. Charging equipment and charging
infrastructure is a controversially discussed topic. Our investigations are based on comprehensive
mobility data and show the objective needs in this field. For vehicle-to-grid (V2G) concepts battery
lifetime is an important issue. Therefore we performed lifetime tests on lithium-ion batteries to identify
the influence factors on the battery lifetime and to predict the possibility of using vehicle batteries for
additional grid services. To investigate the delivery of grid services, a simulation model for PHEVs in a
distribution grid segment was developed and possible management algorithms to control the charging
behavior were implemented. Additionally, the potential revenues for V2G services, like the supply of
balancing power or peak power, in the future were estimated. Business and marketing models, like
(battery) leasing and profit-sharing, which could foster the application of these grid services and the
diffusion of PHEVs were examined regarding the different market actors in the field of electric mobility,
like car owners, electric utilities or telecommunication companies. Furthermore, the impact of an
accelerated diffusion of PHEVs on the power generation portfolio, the energy production costs and the
emissions of the power plants, taking different charging scenarios into account, were assessed.
The main outcomes of the different work packages are:
Sizing
The vehicle battery is a very expensive component in PHEVs. Our study shows that batteries in the
range of 4 kWh are the most economical solution and that they are beneficial for consumers in less
than five years which is an acceptable time period. Already with this battery size a significant reduction
in CO2 emissions and local emissions can be reached. For larger batteries, a clean electricity
production becomes more important to sustain this ecological advantage compared to conventional
ICE vehicles. However, the larger the battery, i.e. the longer the all-electric range of the vehicles
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becomes, the more important are subsidies of the government to make PHEVs a cost-effective
alternative for early PHEV adopters. Vehicle-to-grid services could generate additional profits for the
vehicle owners, which could increase the attractiveness of PHEVs with bigger batteries.
Safety
The safety of the vehicle battery and the charging system is a major concern. Many standards already
exist in this field but it has to be noted that these standards are fast-changing. This fact makes it
difficult to construct systems according to the current state-of-the-art. For vehicle-to-grid concepts the
standardization of a communication protocol is under development. But it can be expected that this
field will also be evolving in the future. The standard charging plug for electric vehicles will most
probably be the so-called ‘Mennekes-plug’. As PHEVs will predominantly be charged with a maximum
of 3.7 kW, this plug seems to be oversized for that area of application as it allows for 44 kW charging
power. Nevertheless, to guarantee compatibility with future public charging spots, it may be used also
for PHEVs.
Chargers/Infrastructure
As the internal combustion engine in a PHEV can guarantee mobility even with empty battery, fast
charging seems to be irrelevant for PHEVs. A fast-charging possibility would also increase the costs
for the battery system and would therefore not be demanded on economic grounds. The most
convenient charging system is a max. 3.7 kW on-board charger as the car can then be recharged on
every standard power outlet. A public charging infrastructure is not essential for the market introduction
of PHEVs. The group of garage-owning people is large enough to introduce that technology and to
establish a successful niche market.
People without garage will have problems to recharge their car overnight as public charging
infrastructure tends to be very expensive.
Battery lifetime
The battery lifetime depends on many factors, among others, temperature, voltage and cycle depth. It
can be expected that the vehicle battery can be used for delivering grid services as the maximum cycle
number cannot be reached only by driving operations. To quantify the different influencing factors
mentioned and to estimate the number of possible additional cycles due to grid services, a battery test
matrix was developed for systematic aging tests. These aging tests are still ongoing and extrapolated
results will be shown in Part 2 of the final project report.
Integration into low voltage grids
The potential for delivering grid services by PHEVs was investigated for the German electricity market.
It could be shown that PHEVs can contribute to the balancing power market at large scale. However,
for that reason existing prequalification standards have to be changed.
The additional electricity consumption of electric vehicles is not a major problem even for high
market penetration rates. With higher concentrations of PHEVs in certain grid segments, overloading
of grid elements can be a problem. This, however, can be solved by intelligent charging algorithms.
PHEVs were modeled in a distribution grid segment with a focus on charging algorithms which
optimize the energy consumption price, the battery SoC (to extend the battery lifetime) and the delivery
of balancing power.
Additionally, we studied the economic efficiency of an application of PHEVs for V2G services. The
supply of balancing energy seems to be most beneficial for vehicle owners. Indeed, a purely negative
primary control could achieve maximum gains for V2G services. With optimistic battery cost
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assumptions (€ 350/kWh), the combined positive and negative primary control could achieve a profit of
€ 726 per year and per vehicle and the secondary control could generate gains of € 383-434 in the
medium- to long-run future. Based on our calculations, the trade of peak power, the peak-shaving
approach and the supply of emergency power generally appear to be less lucrative so that it is not very
attractive for individual vehicle owners. For power companies or larger firms, however, this type of
energy storage for load curve levelling could be interesting. This would result in an increase of full load
hours of the power plant portfolio and allow for a more optimal adjustment of grid parameters to reduce
losses. Even a buffering of energy from renewable sources would be possible.
In a further study we assessed the impact of PHEV diffusion and the impact of different charging
scenarios on power generation and PHEV emissions (CO2, SO2 and NOx) and costs. PHEV emissions
directly depend on a country's energy mix. With its current energy mix the environmental gain in
Germany is limited as the German electricity generation relies to a large extent on hard coal and
lignite. In particular, a high diffusion of PHEVs without controlled charging leads to higher peak
demands and, therefore, to higher generation costs. Shifting control over charging times to the
electricity producers would result in a better utilization of base-load plants, which would in turn
decrease average generation costs. However, as coal and lignite is used for base-load generation their
utilization would increase and, consequently, average emissions will increase. With regard to SO2,
PHEVs do emit more than conventional vehicles. This difference will be even more pronounced if
nuclear power is replaced by coal. In comparison to this, in a French energy mix where nuclear power
dominates, the emission footprint of a PHEV is excellent. The same result, however, could be obtained
by an increased utilization of renewable energies in power generation.
Business models
Leasing, battery leasing, a mileage tariff and profit-sharing are all business or marketing models that
would encourage a wider and faster diffusion of PHEVs. By portioning the high upfront costs into
smaller bits, which can be paid in several time periods, or by generating additional profits in V2G
services, these models can help to surmount the barriers to PHEV purchase. The mileage tariff and the
battery leasing models represent the most appropriate model for the near future, as they facilitate the
utilization of electric vehicles and PHEVs for potential adopters with high risk aversion regarding the
purchase of new technologies. The provider of the tariff can focus on the billing and the possible
participation of the vehicles in V2G services. With increasing market diffusion of the new vehicle
technologies, and appropriate adjustments of the existing electricity market, the mentioned V2G
models can greatly contribute to the cost-effectiveness of PHEVs in the long term.
Additionally, besides objective analyses of the costs and benefits of electric vehicles in general, and
PHEVs in particular, greater insights into vehicle consumer preferences have to be gained, since
consumers normally do not assess the savings from energy-efficient technologies perfectly rational.
Thus, a determination of the relative influence of factors on consumer acceptance of (plug-in hybrid)
electric vehicles, like vehicle attributes (purchase price, fuel costs, CO2 emissions, vehicle taxes,
driving range, refuelling infrastructure etc.) and governmental incentives (subsidies, public charging
infrastructure etc.) has to be conducted to gain some insights about which parameters should be
changed first to influence consumer preferences most effectively. This will be done in a large
questionnaire survey. The results of this research and the consequential policy recommendations will
be presented in Part 2 of the final project report.
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1 Introduction
Anthropogenic CO2 emissions contribute to climate change and may cause substantial societal costs
in the future unless their mitigation is tackled notably and rapidly and if global warming is limited to 2°C
(Stern, 2006). However, drastic CO2 reductions cannot be achieved by gradual efficiency changes in
power generation or power consumption alone. A new philosophy for power supply is needed. On the
other hand, it is very important to find sustainable energy strategies that allow a continuous transition
from today’s energy system towards 2050.
When analyzing the possibilities for CO2 reductions, it turns out that electricity generation and
mobility will play a key role in this context, since anthropogenic CO2 emissions originate mainly from
the combustion of fossil fuels. Due to their very intensive use of fossil fuels the power generation and
transportation sectors play a major role in the CO2 abatement strategies in Europe in general and
especially in Germany, the largest European economy. These sectors contributed 40.8% and 17.7%,
respectively, to overall anthropogenic CO2 emissions in Germany in 2008 (UBA, 2010). Therefore, the
European Commission and the German government have adopted several CO2 reduction policies in
various energy-related fields. For example, the transport sector will be regulated via emissions
performance standards for new passenger cars. Between 2012 and 2015, the average CO2 fleet
emissions of a certain percentage of an automaker’s annual new passenger car sales must not exceed
130 g CO2/km, with gradually stiffened interim targets. By 2020 the target value for the fleet emissions
is 95 g CO2/km. The regulation also defines ‘super-credits’ for cars with emissions below 50 g CO2/km,
allowing them to be counted as 3.5 cars in 2012. These ‘super-credits’ will be gradually phased-out
until 2016, but until then they might act as a significant incentive for car manufacturers to accelerate
the diffusion of plug-in hybrid electric vehicles (PHEVs) (EU, 2009a), as their tailpipe CO2 emissions
are reduced to zero in electric driving mode. Beyond that, the German government has set the furtherreaching goal to get one million electric vehicles on Germany’s roads until 2020 (Bundesregierung,
2009). Electric mobility can offer manifold benefits (Sovacool and Hirsh, 2009), such as a reduction of
CO2 emissions by means of reducing oil-based fuel consumption in the transport sector and an
increasing electricity generation from volatile renewable energy sources by using electric vehicles as
active storage systems in the grid – the so-called vehicle-to-grid (V2G) concept – and thus reducing
the necessity of keeping in reserve back-up power plants (Kempton and Tomic 2005a, 2005b). For
example, four million PHEVs out of the 46 million vehicles in Germany, each with a storage capacity of
10 kWh and a 5 kW charging/discharging device to the grid could account for 20 GW for 2 hours, or
5 GW for 8 hours of additional storage capacity. This is more power and energy than all pump-storage
hydro power plants in Germany in total offer to the grid today. Rough cost estimates show that
business models may allow utilities to use the storage capacity offered by PHEVs at costs close to or
below the cost of pump storage hydro power plants. Furthermore, PHEVs as distributed storage
systems have the advantage that the storage capacity is available independently of failures or
shutdowns in the transmission grid.
With this in mind PHEVs offer the possibility to reap the benefits of electric mobility by
simultaneously overcoming its major barriers on the consumer side, because they enable automobile
drivers to switch to electric driving for certain drive periods, without having the limitations concerning
the driving range of full-electric cars.
Hence, it does not surprise that electric vehicles and PHEVs dominated the 63rd International
Motorshow IAA in Frankfurt in September 2009, where all major car manufacturers at least presented
design studies of electric vehicles or PHEVs and a timeline for their market introduction.
McKinsey expects the market share of PHEVs to rise to 9% by 2020, depending on the
development of the oil price (McKinsey Deutschland, 2009). Other studies even expect market shares
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of PHEVs to rise to 10% and more already in 2015 (Duvall and Knipping, 2007). Therefore, with annual
new vehicle registrations of 3.1 million in Germany in 2008 (KBA, 2009a) there might be 310,000
additional PHEVs in use per year. Presently, there are 41.3 million passenger cars registered in
Germany (KBA, 2009b). Thus an assumed market penetration of 10% in 2020 implies more than 4
million PHEVs.
However, a transition to electric car mobility strongly depends on consumer acceptance, which in
turn is heavily affected by the cost effectiveness, the driving range and the recharging conditions for
these new types of cars and by many other technical and legislative framework conditions, like safety
issues, standards for the plugs, battery lifetime or taxation. This is especially so when they are
compared to conventional vehicles with an internal combustion engine (ICE) (Dena, 2010; Achtnicht et
al. 2008). Thus, this research project covers a number of issues, which can have a major effect on a
successful diffusion of (plug-in hybrid) electric vehicles.

1.1

Goals and expected outcome of project / added value

In this project the focus is on major factors which are crucial for a significant market penetration of
PHEVs. It is not within the scope of this research project to develop a new vehicle. Besides research
questions concerning the vehicle itself we furthermore analyzed major issues concerning a grid
connection of PHEVs that allows them to serve as active loads or even active storage systems. The
results are expected to support both car manufacturers and electric utilities in their strategic decisions
regarding PHEVs.
The analysis of PHEVs begins with calculations regarding the optimal size of the vehicle battery. In
this study technical as well as economic aspects are investigated. As safety and standardization is an
important field for the market introduction of PHEVs, an analysis of the most important safety aspects
and standards is performed. Charging equipment and charging infrastructure is a controversially
discussed topic. Our investigations are based on comprehensive mobility data and show the objective
needs in this field. For V2G concepts battery lifetime is an important issue. Therefore, we performed
lifetime tests on lithium-ion batteries to identify the influence factors on the battery lifetime and to
predict the possibility of using vehicle batteries for additional grid services. To investigate the delivery
of grid services a simulation model for PHEVs in a distribution grid segment was developed and
possible management algorithms to control the charging behavior were implemented. Additionally, the
potential future revenues for V2G services, like the supply of balancing power or peak load, in the
future are estimated. Business and marketing models, such as (battery) leasing and profit-sharing,
which could foster the application of these grid services and the diffusion of PHEVs are examined as
well as the role of the different market actors in the field of electric mobility, such as car owners,
electric utilities or telecommunication companies. Furthermore, the impact of an accelerated diffusion
of PHEVs on the power generation portfolio, the energy production costs and the emissions of the
power plants, taking different charging scenarios into account, are assessed.
For all investigations the focus is on the German market and the German situation with regard to
grid infrastructure, utility needs and players (car manufacturers, suppliers, grid operators etc.),
regulatory framework, mobility patterns and consumer behavior and future preferences.

1.2

Positioning of project within E.ON ERC strategy

This interdisciplinary project targets one of the most topical energy research areas of today, electric
mobility. Specifically, it helps to integrate and enhance the center’s and RWTH associated institution
applied research competences in electrical engineering (esp. PGS and ISEA) and in energy economics
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(FCN) in the field of e-mobility. The topics addressed are manifold, ranging from energy storage,
consumer behavior, business models, standardization, distribution networks / charging infrastructure to
energy efficiency (in an engineering and economic sense!) and specific energy modeling issues. The
final report from the project shows that the interdisciplinary research undertaken within this project
could be integrated almost seamlessly, despite the fact that this is the first joint report of its kind
between collaborators involved (both on a personal as well as institutional level). The project fostered
the co-operation of the chair for social sciences (Prof. Madlener) and those for power electronics (Prof.
De Doncker, Sauer) within E.ON ERC and it helped to find a common language and a common
understanding of the technical, economic and societal/socio-psychological questions and problems.
Furthermore, the project helped to build up knowledge, skills and a track record (publications,
contributions to national and international conferences) that enables to successfully bid for follow-up
projects and seek for outside partners, if needed. Moreover, the project has also allowed to educate
several talented students at RWTH Aachen University on how to undertake scientific research and
writing in close collaboration with the center’s researchers involved. Last but not least, the positive
experience gained could induce at least some of them to follow their professional career later in the
field of e-mobility, thus helping to supply skilled workers in a burgeoning and fascinating new market
that will bridge the electricity supply industry with the automobile industry, and if emerging successfully,
lead to one of the most important paradigm changes of our times – the large-scale use of electricity for
individual mobility.

1.3

Definitions

Hybrid-Electric Vehicle (HEV)
A Hybrid-Electric Vehicle (HEV) relies on at least two energy sources, usually an internal combustion
engine and an electric battery together with a motor/generator. Different hybrid topologies are shown in
Figure 1.
Parallel-Hybrid Electric Vehicle
In a Parallel-Hybrid vehicle, there are two parallel paths to power the wheels of the vehicle: an engine
path and an electrical path, as shown in Figure 2. The transmission couples the motor/generator and
the engine, allowing either one, or both, to power the wheels.
Serial-Hybrid Electric Vehicle
In a Serial-Hybrid vehicle, there is a single path to power the wheels of the vehicle, but two energy
sources. As shown in Figure 2, the fuel tank feeds an engine which is coupled to a generator to charge
the battery, which provides electrical energy to a motor/generator to power the wheels through a
transmission although a direct coupling can also be used. The motor/generator is also used to
recharge the battery during deceleration and braking.
Plug-in Hybrid Electric Vehicle (PHEV)
A Plug-in Hybrid Electric Vehicle (PHEV) is an HEV that can be plugged-in and be recharged from the
electric grid. PHEVs are distinguished by much larger battery packs when compared to other HEVs.
The size of the battery defines the vehicle’s all-electric range (AER). PHEVs can be of any hybrid
configuration.
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Range-Extended Electric Vehicle
A Range-Extended Electric Vehicle is a serial hybrid electric vehicle with a sufficiently large battery to
drive longer distances pure electrically.
Vehicle-to-Grid (V2G)
The Vehicle-to-Grid concept uses vehicle batteries to deliver different kinds of grid services, like
balancing power. Normally, V2G is used in the context of a bidirectional power connection between
battery and grid, although with a unidirectional connection grid services can be offered as well. V2G
services can be supplied with PHEVs, Range-Extended Electric Vehicles and full-electric vehicles.
State of Charge (SoC)
The SoC of a battery describes the charging level of a battery. A fully-charged battery has a SoC of
100% and a fully-discharged battery has a SoC of 0%.

Figure 1: Comparison of different electric powertrain configurations (WWF, 2008)

Figure 2: Schematic of a Parallel-Hybrid (left) and a Serial-Hybrid powertrain (right) (MIT Electric Vehicle Team, 2008)
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2 Results of work packages
2.1

Sizing of battery system

Specific Power in W/kg (cell)

A transition to electric car mobility strongly depends on consumer acceptance, which is heavily
affected by the cost-effectiveness, the driving range and the recharging conditions for these new types
of cars, especially when they are compared to conventional vehicles with an internal combustion
engine (ICE) (Dena, 2010; Achtnicht et al. 2008). Since the battery size of PHEVs is not only decisive
for the pure electrical range of the vehicle, but also crucial for the cost-effectiveness of this vehicle
concept, it is the major factor for consumer acceptance and therefore the main focus of this work
package.
For choosing the right battery for a specific application, the choice of the battery chemistry is
important as well. As can be seen in Figure 3, a large variety in specific power and specific energy
exists.
For SuperCaps, lead acid, NiCd, NiMH and NaNiCl2 batteries the spread in specific energy is quite
shallow, whereas the spread in specific power is in the range of two or more decades. Lithium-based
batteries cover a large range in specific energy and also in specific power. By combining different
anode and cathode materials it is possible to produce cells with very different characteristics. The
range is from very high-power cells with low specific energy content to high energy batteries with low
specific power.
For applications where the volume and the weight of the battery pack are critical mainly lithium and
possibly NaNiCl2 (esp. for vehicle fleet applications) batteries can be used because of their high
specific energy content. This is the case for plug-in and full-electric vehicles where a high energy
capacity is required. For lower hybridization levels also NiMH and lead acid batteries are a possible
technology.

Li-Ion
Very High Power

SuperCap

Li-Ion
High Power

Blei „spiral
wound“

NiMH

NiCd

NaNiCl2
(ZEBRA)
LiM-Polymer

Li-Ion
High
Energy

Blei

Specific Energy in Wh/kg (cell)
Figure 3: Ragone plot showing specific energy and specific power for different battery technologies (cell level)

All studies carried out in this project are therefore based on typical data of lithium-ion batteries (see
also section 2.4).
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To calculate the optimal battery size regarding cost-effectiveness it is necessary to have a closer
look at the total cost of ownership (TCO) over the lifetime of a PHEV compared to a conventional ICE
vehicle, primarily consisting of operating costs, maintenance costs and purchase prices for different
1
battery sizes and battery price scenarios. Additionally, we assessed the annual CO2 emissions of the
two different power trains under various energy mix scenarios, because apart from economic factors
environmental considerations are a main decision criterion in vehicle choice (Dena, 2010).
2.1.1

Methodological approach

Lifecycle costs of PHEVs have been assessed in the past (Biere et al., 2009; Hackbarth et al., 2009;
Shiau et al., 2009; Silva et al., 2009; Simpson, 2006; Sioshansi et al., 2010; van Vliet et al., 2010;
Werber et al., 2009) by using various approaches regarding (1) the bandwidth of vehicles covered,
concerning their all-electric range, drive train design, and annual mileage; (2) the level of detail of the
energy consumption calculation for the different drive trains and vehicles; and (3) the countries
considered, such as the US, Japan, the Netherlands or Germany, concerning general conditions (e.g.
energy prices and taxes). In this study, we decided to keep the cost-effectiveness analysis narrow but
very detailed and realistic because such a detailed energy consumption model, to the best of our
knowledge, has not been applied to the case of Germany before. Thus, we adopted the following
approach and assumptions: to contrast the costs of an average conventional ICE compact car with an
engine power of about 100 kW with a comparable PHEV, both used by the average German driver
over a ten-year period, with the optimal battery size as the target value to be determined. As only the
serial hybrid drive train offers the possibility and modularity to connect batteries of different size with a
capacity of 4 to 20 kWh to the drive train, it will be the base for the analysis in this study. In a second
scenario we compare the PHEV with an optimized ICE vehicle with less power, since ecologically
concerned consumers might also take such an option into consideration (Dena, 2010).
The focus of our calculations lies on Germany regarding the vehicle taxes, the projected
development of energy prices until 2020, and the driving pattern of the average German car user, the
latter of which is derived from a large field study (BMVBS, 2002). The driving pattern of the average
car user is chosen to assess the potential of PHEVs replacing the average conventional car.
As mentioned above, the total costs of ownership over a vehicle’s lifetime can be split up in three
parts – purchase price, fixed annual costs and operating costs. Firstly, we determine the differences in
the initial costs of a PHEV compared to a conventional ICE vehicle, which are affected by savings from
the downsizing of the conventional drive train and the costs of the new electric components.
Secondly, we analyze the fixed annual costs, consisting of taxes, abrasion, maintenance and
insurance costs for the PHEV and the conventional ICE vehicle. Vehicle abrasion and maintenance
costs will be lower for PHEVs due to the possibility to recuperate energy when braking and the smaller
size of the ICE. Since this in turn will also lead to lower CO2 emissions, the vehicle taxes can be
expected to be lower for PHEVs in Germany (BMF, 2009). We assume that the insurance costs are
constant for both types of vehicles, as they may be influenced by a number of factors for which reliable
market data are not yet available. The impact on annual costs originating from a usage of the PHEV
battery in a V2G system is also disregarded in our analysis, as the time horizon for the calculations is
2020, which makes significant earnings from grid services rather unlikely, at least for the case of
Germany.

1

A more detailed and comprehensive description of the following results is given in Ernst et al. (2010).
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Thirdly, we calculate the most influencing factor on the total costs of ownership, the operating costs,
which are derived by combining an energy consumption model with the corresponding energy prices
until 2020. Energy consumption differs significantly for inner-city, rural or highway trips for PHEVs and
ICE vehicles alike. Additionally, it depends on the recharge strategy/possibilities of the driver, e.g.
depending on whether the battery can be recharged after each trip or not. Thus, realistic trip route and
length distributions derived from the survey “Mobilität in Deutschland” (BMVBS, 2002) and realistic
driving profiles, like the “Hybrid Technology Approaching Efficient Zero Emission Mobility” (HYZEM)
driving cycle as a stylized reference for real driving behavior, form the basis for our energy
consumption calculations for each drive train, or more precisely, for the ICE mode, the all-electric
mode, and the range extender mode of driving.
Finally, besides the economic factors, we assess the well-to-wheel CO2 emissions of both the
PHEV considered and the conventional ICE vehicle, by multiplying the energy consumption with
corresponding CO2 values, taking various electricity mixes into account, but without differentiating for
the time-of-day of the recharge process and its impact on the electricity generation portfolio.
2.1.2

Energy consumption model

The energy consumption model combines the typical driving profile of an average German driver with
the HYZEM driving cycle, and takes the different kinds of drive trains and their energy efficiencies into
account. The HYZEM cycle was chosen as it is based on measured driving behavior, so that
simulations result in more realistic values compared to simulations based on synthetically generated
profiles, such as the New European Driving Cycle (NEDC).
The HYZEM driving cycle divides a distance of 60.9 km into an urban-, rural- and highway
subcycle, with different top speeds and lengths (André, 1999).
The driving profile of the average German car user reveals that 80% of the individual trips do not
exceed 18 km and that 80% of the daily routes do not exceed about 60 km (BMVBS, 2002). Thus with
a battery which allows for 60 km electric driving range the majority of trips can be covered.
Additionally, we deduct three battery charging strategies from the typical driving profile for the
electric drive train: First, a once-a-day charging strategy with daytime electricity tariffs; second, a oncea-day charging strategy with night-time electricity tariffs and finally, by assuming a high density of
recharging infrastructure, the possibility to recharge the PHEV after every trip at daytime electricity
prices.
2.1.2.1

Gasoline engine

The calculation of the fuel consumption of a gasoline engine is performed in several steps with a
dynamic computation model. First, the driving resistance for every speed level of the considered
average compact class car is calculated. The engine operating points can be determined based on the
power requirements.
With the driving resistance and the calculation of several consumption data it is possible to derive
fuel consumption per distance as a function of the speed for each gear. The computational model is
completed by assumptions concerning the fuel consumption during no-load phases (e.g. red light
stops). Based on calculations for different engine operating points, for each gear and level of speed,
the corresponding energy consumption can be determined. Adapted to the HYZEM cycle the
consumption of the gasoline engine for the vehicle with a reference power of 100 kW turns out to be
11.6 l/100 km in the urban part, 8.4 l/100 km in the rural part, and only 7.0 l/100 km in the highway
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subcycle. The computational model was also validated by comparing simulations with official
consumption data based on the NEDC.
2.1.2.2

Electric power train of a serial-hybrid electric vehicle

The drive train of a serial hybrid car corresponds to a drive train of an electric car with a generator
which is powered by an internal combustion engine that can run in the point of highest efficiency,
because there is no fixed mechanical drive-through axle to the wheels.
The efficiency of the entire electrical drive train is defined by the efficiencies of each component
and the auxiliary consumers. The assumed degrees of efficiency have been derived from expert
interviews and are depicted in Figure 4. For the whole electrical part of the power train of the serial
hybrid car an efficiency of about 75% was calculated. For the recuperation mode the degree of
efficiency can be determined to 71%.
The serial-hybrid drive train has been simulated in the HYZEM cycle. The simulations also took
changes in the mass of the car due to different battery sizes into account. The following exemplary
calculations are based on a compact class car with a mass of approximately 1,400 kg including a
12 kWh battery. This leads to an average energy consumption of 15.4 kWh/100 km in the urban
subcycle, 17.4 kWh/100 km in the rural subcycle, and 21.8 kWh/100 km on the highway.
Școm An = 0.75
Auxiliary
consumer

ȘDCDC = 0.95

ȘBat = 0.96

ȘDCAC = 0.92
ȘEM An = 0.89

DC

DC
Battery

E- Motor

ȘBat = 0.96
ȘPI = 0.96

AC

DC

ȘDCDC = 0.95

ȘEM Br = 0.85

Dif ferential

combustion engine

ȘGen = 0.82
Generator

ȘICE = 0.32

Max. 5.2 kW,
at 5%

ȘDiff = 1

ȘACDC = 0.92
Școm Reg= 0.71

Figure 4: Degrees of efficiency of the components in a serial-hybrid drive train

2.1.2.3

Range extender (RE)

The range extender serves to enlarge the driving range of an electric car and is a standard part within
the serial hybrid drive train concept. The battery usage strategy for this mode starts with a maximum
State of Charge (SoC) of about 90% and decreases continuously to about 30% during the pure electric
drive. This type of operation is referred to as charge-depleting (CD) mode. With the SoC at 30% the
vehicle switches to the range-extending or charge-sustaining (CS) mode. At this point, the ICE starts to
charge the battery to a SoC of typically 35% and then switches off. When the SoC of the battery drops
to 25% the engine starts again, so that the SoC is kept continuously in the interval between 25 and
35%. The engine works at continuous power at maximum efficiency. At the end of the day or the trip,
respectively, the battery is connected to the electric grid and charged to a SoC of 90%, to avoid very
high states of charge and thus a significant reduction in lifetime. This means that only about 65% of the

11

battery’s capacity is actually used, to assure that the car lifetime requirements in the auto-motive
industry of more than 10 years are met also for the battery.
Based on the computational model the average power output for the battery with each charging
strategy is deduced. The analysis of the engine map for the specific consumption leads to the point of
highest efficiency with a specific fuel consumption of 212 g/kWh. The power output of about 15 kW is
high enough to meet the average consumption in the urban and rural demand area, with 3.3 and
8.3 kW, respectively. During this time the surplus energy can be used to charge the battery. The usage
of the combustion engine in this very efficient point leads to an energy consumption of 3.9 and
4.4 l/100 km for the urban and the rural subcycle, respectively. During the urban and rural cycle the
combustion engine switches on and off to keep the SoC between 25 and 35%.
The average demand on the highway equals 22 kW so that the engine operation point needs to be
adapted. The specific fuel consumption will ascend to 220 g/kWh. As a consequence, fuel
consumption of the engine rises to at least 5.0 l/100 km. In this operating point the combustion engine
runs permanently to sustain the SoC of the battery.
2.1.2.4

Comparison of the energy consumption

The conventional drive train, again based on the HYZEM simulation, consumes gasoline between
11.6 l/100 km in the rural cycle and 7.0 l/100 km in the highway cycle. The gasoline engine reaches
higher efficiency levels for the case of increasing driving resistance, which leads to a reduced fuel
consumption during the highway cycle.
In contrast to the conventional drivetrain, the effective energy consumption of the hybrid drive train
increases with the driving resistance. Especially urban trips are by far more efficient, as only one third
of the energy is used compared to highway driving.
The all-electrified drive train consumes between 16 and 22 kWh of electricity during the different
conditions of the HYZEM simulation.
The fuel and electricity consumption of the different drive-trains is shown in Figure 5.
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Figure 5: Fuel and electricity consumption for the individual drive trains
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2.1.3

The “Total cost of ownership” (TCO) model

The development of a TCO model is highly influenced by the market prices of gasoline and electricity.
In combination with the individual energy consumption they lead to mobility costs that comprise the
biggest part of the vehicle costs in addition to the initial purchase price. Further, annual costs of
maintenance, taxes and abrasion complete the TCO assessment.
2.1.3.1

Energy prices outlook until 2020

Projections of future prices are burdened with uncertainty and might have a relatively short validity. For
our analysis we estimated the development of the electricity and gasoline prices until 2020 on the
basis of historical price data (BMWi, 2009), which resulted in different price scenarios.
Since the gasoline price rose in the last ten years with a constant growth rate, an exponential trend
line fits the price development in good compliance with the real trend, which would lead to a gasoline
price of more than € 2.3/l in 2020. However, we decided to choose a more conservative linear
extrapolation with a lower growth rate, which leads to a price escalation from € 1.37/l in 2010 to
€ 1.84/l in 2020. This trend complies with the projected prices that are based on the “World Energy
Outlook 2008” scenario and assume constant taxes (see e.g. Weyerstrass and Jaenicke, 2009 for the
Austrian market).
The price of electricity in Germany developed almost linearly since 2002 (BMWi, 2009). Therefore,
we decided to extrapolate the future electricity prices with a linear trend. Furthermore, we assumed
that with the increasing diffusion of smart meters in Germany, consumers will be able to recharge their
PHEVs at different tariffs depending on the time-of-the-day. We assumed that the night-time prices for
electricity will constantly lie about 30% below the day-time prices on the basis of proceeded
compositions, and that the day-time price is exogenously given.
Current prices of € 0.22/kWh for daytime and € 0.15/kWh for night-time electricity will then increase
to € 0.31/kWh in 2020 and € 0.22/kWh, respectively. Thus, the projected value of the day-time price of
electricity is slightly higher than in the reference studies (BMU, 2008; EU, 2007; EWI and EEFA, 2008;
Prognos, 2007), which reflects again the conservative approach adopted in our study, as higher
electricity prices clearly penalize PHEVs.
2.1.3.2

Variable mobility costs

The variable mobility costs per 100 km for the different drive trains are derived by multiplying their
annual energy consumption with the according price levels for the year under consideration. The result
for 2009 is shown exemplarily in Figure 6.
For the combustion engine, the mobility costs decrease with increasing average speed of the
subcycle. Starting with around € 16/100 km for inner city traffic, the costs decrease by 30% to about
€ 9/100 km for driving on the highway.
In contrast, the costs of a hybrid vehicle in the range extender mode increase with the power
demand of the trip. Through the very low energy demand in the urban cycle, the mobility costs can be
reduced to about € 5/100 km, which is just a third of the costs of the conventional non-optimized
vehicle.
For the pure electric driven vehicle the same argument holds true. In addition, the lower price of the
energy from the electricity grid leads to further cost advantages compared to the serial-hybrid drive
train. In comparison to the conventional drive train, the urban mobility costs of the electric mode are
reduced to one fifth.
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Figure 6: Mobility costs for the individual drive trains in 2009

2.1.3.3

Initial and annual costs

Besides the operating costs, the TCO are further composed of initial costs (purchase price of the
PHEV) and fixed annual costs, which are mainly influenced by annual maintenance costs and vehicle
taxes. The differences in the initial costs of a PHEV compared to a conventional ICE vehicle are based
on data from the literature (Biere et al., 2009; IES, 2008; Graham, 2001; Metric Mind Corporation,
2009; Volkswagen, 2009; Weiss et al., 2000).
The purchase price differences between the PHEV and the ICE vehicle occur due to two
countervailing effects: savings because of ICE downsizing and additional costs for the new electronic
components. In our study downsizing denotes a modification of the combustion engine from a 2.0 l and
110 kW engine with four cylinders to a 1.0 l and 44 kW engine with only three cylinders. Furthermore,
downsizing stands for adjustments of the mechanical drive train so that the gearbox becomes
redundant. Taken together, the downsizing efforts lead to a cost reduction of about € 2,000 compared
to the reference vehicle’s purchase price.
The costs of the additionally needed electric components consist of costs for the power electronics
and the battery, plus the costs for the electric engine itself. The costs for the electric engine and the
power electronics with the wiring harness components sum up to about € 3,100. Overall, this leads to
an increase in the PHEV’s purchase price of about € 1,100, not accounting for the battery prices.
The fixed annual costs are influenced by vehicle taxes, wear and maintenance costs. The annual
savings for the PHEV of about € 215 occur mainly due to an assumed vehicle tax reduction of € 180,
due to the lower CO2 emissions. This advantage of the PHEV regarding vehicle taxation is rather small
compared to the benefits for hybrid and electric cars that are granted in other countries. A few
European examples illustrate this argument. Denmark drops a registration tax for PHEVs and allelectric vehicles (approx. 60%) (Germany Trade & Invest, 2009), France plans an environment reward
amounting to € 5,000/car (Handelsblatt, 2010), Great Britain plans a € 5,700/car bounty (Roland
Berger Strategy Consultants, 2009). Further incentives are planned or are already granted for example
in Italy, Spain and the US.
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On the other hand, PHEVs take further advantage of cost savings due to a decrease in
maintenance activities caused by the downsizing of the ICE and recuperative braking. On the other
hand, PHEVs probably will use low rolling resistance tires, which raises costs.
2.1.3.4

Savings of the total cost of ownership until 2020

As already discussed, our energy consumption model distinguishes between three different charging
strategies: charging at day, charging at night and charging after each trip. Furthermore, the TCO model
distinguishes between three different battery types, with capacities of 4, 12 and 20 kWh. In order to
compare the annual savings over the whole lifetime of the vehicles with the initial expenditures we
calculated the net present values. For this purpose a discount factor for future expenditures and cost
savings has to be determined. We chose a discount rate of 8%, as suggested by the Deutsche
Bundesbank for investments of private car owners, which reasonably represents the opportunity cost
of the purchase (Deutsche Bundesbank, 2009). Even though consumers generally would not invest in
new automobile technologies unless the payback time is very short (Continental, 2009), which would
motivate the use of a higher discount rate, we consider 8% as appropriate, because we are comparing
the actual lifetime costs that a vehicle owner incurs, rather than the perceived cost-effectiveness.
As can be seen in Figure 7, the differences between the battery sizes have a minor influence on the
savings. A reason for this finding is the increased efficiency of the ICE in the range extender mode that
superposes the impact of the possibility to drive longer distances with cheap electricity. Only in the
long term and for a “charging at night” strategy, there is a noticeable spread in favor of a 20 kWh
battery.
To receive the total savings for PHEVs with different battery sizes, it is necessary to consider the
battery costs accordingly. Due to the early state of market introduction, which introduces a great
uncertainty about the battery prices, we considered two different price scenarios. In the first one, we
assume a price of € 500/kWh, which is the estimated end-user price for lithium-ion high-power
batteries in large-scale production (Wallentowitz et al., 2010). In the second scenario, we assume a
price of € 1,000/kWh as a basis, which is the current price for lithium-ion batteries (BCG, 2010).
The payback periods for each battery size have been calculated by comparing the cumulated
annual savings with the purchase price of the battery. The smallest battery, with a capacity of just
4 kWh, amortizes itself already after three to five years of usage, whereas the largest battery
considered needs more than ten years for cost amortization. Because, on average, most owners of
new cars only keep their vehicles for approximately 7.5 years, the battery should have been amortized
within this period of time to make a positive business case (DAT, 2009; DAT, 2010).
It becomes clear that for the assumptions made the 20 kWh battery cannot be amortized over the
time period of ten years considered, since the battery system costs are too high in comparison to the
achievable annual cost savings. The 12 kWh battery may reach the break-even point in the € 500/kWh
scenario after 8–9 years.
The analysis shows that from a long-term perspective, there is a potential to reduce the TCO with a
PHEV. Furthermore, a small battery of 4 kWh renders nearly the same cost savings as a 20 kWh
system but costs significantly less and, therefore, can be amortized much earlier.
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Figure 7: Comparison of the total cumulated annual savings and the battery costs

2.1.3.5

Savings compared to an optimized ICE

The comparison of the annual savings in the first scenario is based on the assumption that the enduser compares two cars with nearly identical performance figures. But since (not only green)
consumers in Germany prefer small and fuel-efficient vehicles (Dena, 2010) we decided to vary engine
efficiency in a scenario analysis, since this factor is significant for the calculated annual savings of a
PHEV compared to an (optimized) ICE vehicle. Thus, on the one hand, the efficiency of the range
extender was reduced by 30% and 50%, as the serial hybrid power train is an infant technology and
might not reach the full potential immediately. On the other hand, with non-optimized recharge and
usage strategies, the degree of efficiency may not reach the expected target values.
The second alteration was performed with the optimization of the conventional ICE in stages of 10,
20 and 30%, which seems very likely, as ICEs still offer potentials for fuel consumption reduction and
even today plenty of technological measures exist in the market that could increase fuel efficiency and
that are integrated in optimization packages offered by some original equipment manufacturers (OEM)
for selected models at additional costs. Thus, a technologically optimized ICE vehicle might decrease
the fuel consumption up to 30% but might also lead to less maximal power. This 30% reduction causes
consumption values of 8.1 l/100 km for trips in urban areas and no more than 5.0 l/100 km for highway
usage. These are characteristic values, which are achieved by the latest and recently announced
vehicles in the regarded compact-class segment.
This reduction in the energy consumption of the ICE vehicle leads to drastically increased durations
to reach the break-even point. For the owner of the car with the small 4 kWh battery the break-even
has clearly moved to a usage period of more than five years. In the high battery price scenario, the
break-even for the 4 kWh battery is reached after ten years. The considered larger battery sizes turn
out as uneconomical and inefficient independent of the high or low price scenario, as the annual
savings are insufficient.
In a further step we compared a slightly optimized ICE (-10% fuel consumption) and a nonoptimized serial-hybrid technology (+30% fuel consumption). In this combined scenario the possible
savings are significantly lower, with about € 2,270 lower in the once-per-day/-night recharging
scenario. In the recharging-after-each-trip scenario the savings are only reduced by € 1,850 as can be
seen in Table 1. The break-even for the 4 kWh battery system then lies between four and six years in
the low price battery scenario, which would be still within the average first-hand car ownership time of
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new cars of about 7.5 years (DAT, 2009; DAT, 2010). Therefore, an ecologically sensible and
economically rational consumer should still prefer the PHEV.
Table 1: Economic impact of the variation of the fuel consumption of all drive trains

Factor

Diversification

At day

At night

After each
trip

+30%
( 5.2; 5.8; 6.6 l/100 km)

-16.0%

-14.8%

-8.8%

+50%
(6.0; 6.7; 7.6 l/100 km)

-26.5%

Charging strategy
Degradation of the RE

Optimized reference ICE
-10%
vehicle
(10.4; 7.6; 6.4 l/100 km)

Combined scenario

2.1.4

Effects on savings

€ -1,070
-24.6%

€ -1,780
-17.6%

-16.2%

€ -650
-14.5%
€ -1,085
-16.0%

€ -1,200

-20%
(9.3; 6.7; 5.7 l/100 km)

-35.2%

-32.2%
€ -2,400

-32.0%

-30%
(8.1; 5.9; 5.0 l/100 km)

-52.3%

-48.6%

-48.0%

+30% RE
-10% ICE

-33.5%

€ -3,590
-31.0%

€ -2,270

-24.8%
€ -1,850

Sensitivity analysis

In this chapter, the assumptions of the TCO calculations are varied to assess their influence on the
results. The changes in the cumulated annual savings until 2020 have been summed up in Table 2.
The most significant change within the TCO model is caused by a change of the gasoline and
electricity prices. By switching from the conservative to the high gasoline price scenario, the cumulated
savings until 2020 rise from € 850 to € 1,000, depending on the chosen charging strategy. The change
from a high electricity price development to a lowered version would result in additional savings of
€ 220 to € 410, which are mainly influenced by the different battery sizes.
By lowering the discount rate by 1% future savings are weighted higher and increase the total
savings by € 330 which means a 4% change. A change in the initial purchasing costs leads to exactly
the same additional costs in each scenario.
A change of the technical assumptions has a lower impact on the TCO. Changes of the degree of
efficiency of the whole drivetrain, the usage of the auxiliary consumers or the vehicle weight changes
the resulting cumulated savings by less than 2% and does not change the main results.
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Table 2: Sensitivity analysis of major assumptions

Factor

Diversification

Effects on results

Charging strategy
Gasoline price scenario

Low

High

Electricity price scenario

High

Low

Discount rate
Purchasing costs
Degree of efficiency
drivetrain

2.1.5

-1%

At day

At night

After each
trip

+12.4%

+11.4%

+13.2%

€ 848

€ 848

€ 988

+4.4%

+2.8%

+5.4%

€ 303

€ 213

€ 406

+4.4%

+4.4%

+4.4%

€ 303

€ 327

€ 329

€ +1,000
+1%

Consumption of auxiliary
consumers

+100%

Vehicle weight

-100 kg

€ 1,000
+1%

+1%

+0.9%

€ 72

€ 69

€ 65

-0.8%

-0.7%

-1.3%

€ -52

€ -47

€ -92

+1.7%

+1.4%

+1.7%

€ 113

€ 103

€ 124

CO2 balance of the analysis

Environmental considerations are a main decision criterion in vehicle choice (Dena, 2010) and CO2
emissions are an economic factor in Germany, since they are considered in the vehicle taxation
system. Therefore, the CO2 balance of the concepts is discussed in this section. The calculation of the
ecological impact of the conventional ICE vehicle and the PHEV was conducted as follows: we
multiplied the individual energy consumption with the corresponding CO2 values, taking various
electricity mixes into account, but without differentiating for the time-of-day of the recharge process and
2
its impacts on the electricity generation portfolio.
According to the EU Directive 93/116/EC (EU, 2009b), 2,370 g CO2 are being generated with the
combustion of 1 l gasoline. This means that at an average consumption of 9 l/100 km some
213 g CO2/km are emitted. The well-to-wheel emissions of an electric drive train are determined by the
electrical power generation sector. Due to the fact that a large portion of the German electricity
generation is provided by coal-fired power plants, the average CO2 emission are relatively high
compared to the EU-15 generation mix (Öko-Institut, 2008). The German power plants emit
650 g CO2/kWh, which leads to about 98 g CO2/km with a consumption of 15 kWh/100 km. This is
nearly half of the emissions of the ICE car.
In this case, the usage of the lignite technology leads to the highest CO2 emissions, whereas the
energy of renewable energies offers a maximum reduction of CO2 emissions. About 88% of the

2

A detailed determination of the impact of a mature diffusion of PHEVs on the total emissions of the power plants and the
vehicles with regard to the German energy mix and various charging scenarios and battery capacities is reported in chapter
2.5.5 and in Mazur and Madlener (2010).

18

emissions of the reference car could be saved if a battery with a capacity of 20 kWh would be used
(Figure 8).
The difference in CO2 emissions regarding the battery sizes is also worth to notice. While the usage
of the small battery is advantageous with regard to the emissions in the lignite scenario, there is a
remarkable contrast regarding the use of renewable energies. Here the smaller battery causes
emissions that are twice as high as the emissions of a vehicle with a 20 kWh battery.
The different charging strategies do not lead to significantly different CO2 emissions. However, with
the strategy “charging after each trip” it is possible to further reduce the CO2 emissions, especially
within the usage of CO2-free energy.
It can be summarized that the electric drive train offers the possibility to drastically reduce CO2
emissions.
3,000
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20 kWh battery
12 kWh battery
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Figure 8: Ecological impact of PHEVs (compared with standard ICE)

The discussed -30% optimization potential of a conventional ICE will lead to an annual CO2 emission
value of about 1,800 kg/year. This is better than the CO2 well-to-wheel balance of a PHEV that is
recharged with electricity from lignite-fired power plants.
If the efficiency of the electric power train together with the range extender is impaired, as
described in the scenario above, then using a PHEV is more ecological compared to a highly efficient
ICE-driven vehicle only when CO2-neutral produced electricity, such as hydro and wind power, is used.
Due to the energy reduction policies on the European and the national German level, which have
set the goal of reducing overall greenhouse gas emissions with 20% by 2020, compared to 1990 levels
(EU 2008) and of increasing the share of renewable energy sources on electricity generation up to
30% until 2020 (EEG 2008), respectively, the share of renewable energies increases currently by 1 to
1.5% per year in Germany. If used for this purpose only, this would theoretically provide electricity from
renewable energy for 2.4 to 3.6 million full-electric vehicles per year.
2.1.6

Conclusions

Based on our assumptions about the daily and annual driving patterns, the development of energy
prices until 2020, the vehicle size and horse power, the vehicle taxes, the maintenance and initial cost
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differences and the efficiency of the electric components, we demonstrated that there is potential to
reduce the total cost of ownership of a PHEV in comparison to a standard and even to an optimized
ICE vehicle within the next few years.
Especially cars with smaller batteries (e.g. 4 kWh) can be profitable within less than five years.
Larger batteries reduce the CO2 emissions if they are charged with green electricity, but have
significantly higher initial costs. In the standard scenario, for example, a 12 kWh battery system would
become economical after a usage period of 8 to 9 years. To be competitive compared to conventional
ICE cars the break-even has to be reached at least within the average first-hand ownership time of the
new car of about 7.5 years (DAT, 2009; DAT, 2010).
Concerning the recharging strategies we showed that the presented alternatives did not differ
significantly. The overnight recharging strategy is the most economical way but needs an infrastructure
and a billing system that is capable of supplying time-variant tariffs. In Germany, the installation of
such a grid and metering infrastructure has just begun and will still need many years to be completed.
Furthermore, it has to be mentioned that this intelligent grid infrastructure offers the potential to use
the battery in vehicle to grid systems in the future, which would support larger batteries, since ancillary
grid services are partly paid for just being available and partly per kWh generated.
In addition, we illustrated that the ecological impact of PHEVs is positive and that even small
batteries offer some potential to reduce the CO2 emissions compared to the reference car. With an
increasing battery size it is necessary to use clean electricity to optimize the CO2 balance.
However, it is worth mentioning that, from a CO2 balance point-of-view, a highly optimized ICE will
represent a strong competitor, but this concept would not reduce local emissions (noise, dust, etc.) in
cities.
Nevertheless, the results show that PHEVs with small batteries are close to a business case and
hence offer a chance to start the transition to full-electric mobility even in the presence of high battery
prices. Thus, when the intention of the government is the acceleration of the diffusion of PHEVs, then
their incentives should be designed to increase the adoption rate of these PHEVs with a small
electricity capacity. Looking at our results, a first step might, for example, be a state-wide consumer
information program, trying to increase the awareness about the long-term benefits of PHEVs due to
their lower fuel costs or a legislation that forces the car manufacturers to label the gasoline and
electricity consumption of their vehicles in a clear and easily understandable way, like the European
energy label for domestic cooling appliances (EU, 1994).
Further research is needed to determine how these results might change when (1) the deterioration
of the battery is taken into account or (2) our analysis is widened to account for different driver
categories with different driving profiles regarding trip length or annual mileage and/or the innercity/rural/highway trip ratio and (3) different vehicle classes, leading to a change in size, weight, driving
resistance, fuel consumption etc.
Besides this analysis of the costs and benefits of electric vehicles in general and especially PHEVs,
further research is also needed to gain better insight into vehicle consumer preferences, since
consumers normally do not assess the savings from energy-efficient technologies objectively. Thus,
the determination of the relative influence of factors on consumer acceptance of (plug-in hybrid)
electric vehicles, like vehicle attributes (purchase price, fuel costs, CO2 emissions, vehicle taxes,
driving range, refuelling infra-structure etc.) and governmental incentives (subsidies, public charging
infrastructure etc.) has to be conducted to get some better idea on which parameters should be
changed first to influence consumer preferences most effectively. Only when the barriers that might
lead to consumer rejection of these new vehicle technologies are eliminated a major diffusion of
electric vehicles can take place.
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2.2

Standards and safety

A comprehensive standard analysis for Germany and Europe was performed for the work packages
“Charging of Electric und Plug-in Hybrid Electric Vehicles” and “Battery safety”. Furthermore the
controversially discussed topic of galvanic insulation was analyzed.
2.2.1

Charging topology

Different standards describing possible charging topologies exist. As this area of standardization is
very fast-changing, newer editions of the currently valid standards and also completely new standards
are under development. In the following the most important standards are summarized.
IEC 61851-1: Electric vehicle conductive charging system - Part 1: General requirements
(published 2001-01-00), Forecast publication date Edition 2.0: 2010-12
This standard describes different charging modes as a basis for the regulations in the subsequent
standards:
• Mode 1: The electric vehicle (EV) is connected to a 1- or 3-phase AC grid using standardized
sockets as well as protective earth and line conductor. Using mode 1 requires a Ground Fault
Interrupter (GFI) as well as over-current protection.
• Mode 2: Connecting the EV to a 1- or 3-phase grid using standardized sockets as well as
protective earth and line conductor in combination with a control function (pilot function)
between EV and plug or control device with the cable.
• Mode 3: Direct connection of the EV to the AC grid using an application-specific EV power
supply which has a pilot function (conductor) leading all the way to the device continuously
connected to the AC grid.
• Mode 4: Indirect connection of the EV using an external charging device. A pilot function has
to lead all the way to the device continuously connected to the AC grid.
By a pulse-width modulated signal (defined in the standard) the current capability of the charging
station can be transmitted to the vehicle via the pilot line. For charging mode 1 the charging current
can also be limited by a current indicator resistor which has to be integrated in the charging cord.
Three different types of connections are defined:
• A: cable fixed to EV
• B: cable can be completely taken off
• C: cable fixed to EV power supply (grid side)
Implications for PHEVs: The most feasible way of connection for PHEVs is charging mode 1 with
connection type A. This means an on-board charger with a charging cord which can be plugged in a
standard power outlet.
IEC 61851-21: Electric vehicle conductive charging system - Part 21: Electric vehicle
requirements for conductive connection to an AC/DC supply (published 2001-05-00), Forecast
publication date Edition 2.0: 2013-03
All tangible conductive parts of the electric vehicle with the potential of having contact with the voltage
supply have to be electrically connected, so that the electrical energy is transferred according to
regulations and potential residual currents are conducted to protective earth in case of a fault.
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A protective earth conductor (Æ IEC 60364-5-54) is required for a potential equalization connection
between the protective earth conductor plug of the current supply unit and the tangible conductive
parts of the vehicle.
During the charging process in the operating modes 2, 3 and 4 the electrical conductivity of the
protective earth conductor has to be observed consistently by the current supply unit.
Implications for PHEVs: The vehicle chassis has to be grounded during charging.
IEC 61851-22: Electric vehicle conductive charging system - Part 22: AC electric vehicle
charging station (published 2001-05-00), Forecast publication date Edition 2.0: 2012-03
In combination with part 1 of IEC 61851 this standard contains the requirements for AC electric vehicle
charging stations for conductive connection with a vehicle with AC voltage supply of up to 690 V.
Amongst others the following regulations are given:
• The charging station must be at least degree of protection IP44
• Outlets must be 0.4 m to 1.5 m over ground
• Consumption measurement according to IEC 61036
• Residual Current Device and over-current protection must be included
• Temperature range: -30°C up to 50°C
• Relative humidity: 5% to 95%
Implications for PHEVs: An AC charging station for PHEVs must fulfill these requirements.
The following standards are under development:
IEC 61851-23: Electric vehicle conductive charging system - Part 23: DC electric vehicle
charging station, Forecast publication date: 2012-11
This standard will be valid for DC fast-charging stations and is therefore not applicable for PHEVs with
on-board charger.
2.2.2

Requirements for plugs, sockets, cables which are described in IEC 61851

Beside different charging topologies also different plugs, sockets and cables are described in
standards. The standard IEC 62196 does not define physical dimensions for charging plugs. Physical
dimensions are defined in the standard proposal VDE-AR-E 2623-2-2 (see section 2.2.3).
IEC 62196-1: Plugs, socket-outlets, vehicle couplers and vehicle inlets - Conductive charging of
electric vehicles - Part 1: Charging of electric vehicles up to 250 A AC and 400 A DC (published
2004-03-00), Forecast publication date Edition 2.0: 2011-12
This standard is applicable to plugs, socket-outlets, vehicle couplers, vehicle plugs and cables for
electric vehicles used in charging systems with conductive energy transmission and control equipment
with the following maximum voltage and current ratings: 690 V AC (50 Hz or 60 Hz) and 250 A,
600 V DC and 400 A.
Systems described in this standard are meant to be used in circuits described in IEC 61851-1.
Plug systems have to be designed in a way that can assure that no danger is caused by normal use,
neither to the user nor the environment. This can be assured by tests described in this standard, where
all tests are type tests of sets of three devices under test.
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This standard gives very detailed information for plug design, so that all necessary safety
requirements can be met by the final product.
Furthermore, this standard gives very detailed information of all kinds of electrical, mechanical and
other general tests that have to be performed in order to assure conformity. The explanations are valid
for a great variety of different plugs.
Four different vehicle couplers have to exist:
• Basic interface (B) for charging modes 1, 2, 3 (Æ IEC 61851-1) and up to 32 A
• Universal interface for 32 A AC current(U32)
• Universal interface for high-power AC (UA)
• Universal interface for high-power DC (UD)
Three different vehicle plugs have to exist:
• Universal interface UA
• Universal interface UD
• Basic interface (B)
Implications for PHEVs: This standard is very general and defines the overall requirements for plugs,
socket-outlets, vehicle couplers and vehicle inlets. Most public charging stations are constructed
according to this standard.
The following standards are under development:
IEC 62196-2: Plugs, socket-outlets and vehicle couplers - Conductive charging of electric vehicles Part 2: Dimensional interchangeability requirements for AC pin and contact-tube accessories, Forecast
publication date: 2011-09
IEC 62196-3: Dimensional interchangeability requirements for pin and contact-tube coupler with rated
operating voltage up to 1000 V DC and rated current up to 400 A for dedicated DC charging, Forecast
publication date: 2013-12
2.2.3

“Mennekes-plug”

VDE-AR-E 2623-2-2: Stecker, Steckdosen, Fahrzeugsteckvorrichtungen und Fahrzeugstecker Ladung von Elektrofahrzeugen - Teil 2-2: Anforderungen und Hauptmaße für die
Austauschbarkeit von Stift- und Buchsensteckvorrichtungen, publication date: 2009-10
This standard was developed under the leadership of the German company “Mennekes” and shall be
included in IEC 62196. After the publication of the IEC standard, the German standard is intended to
be withdrawn.
The so-called “Mennekes-plug” is capable for Mode 3 defined in IEC 61851-1. With this plug the
charging powers shown in Table 3 can be used.
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Table 3: Charging powers “Mennekes-plug“

Current

230 V (single-phase)

400 V (three-phase)

16 A

3.7 kW

11.0 kW

32 A

7.4 kW

22.0 kW

63 A

14.5 kW

43.5 kW

The plug (see Figure 9) has the following characteristics:
• Finger-safe insulated contacts for bidirectional powerflow
• The plug can be locked in the socket during charging
• For activating the immobilizer system a “plug-present contact” is available (proximity in Figure
9)
• “Control pilot” connection for communication purposes
In charging cords both sides are equipped with the same plug to guarantee security for operation with
bidirectional power flow.

Figure 9: “Mennekes-plug“ (Mennekes, 2010)

2.2.4

Communication

The following standards are under development:
ISO/CD 15118-1: Road vehicles -- Communication protocol between electric vehicle and grid -- Part 1:
Definitions and use-case (Committed Draft)
ISO/NP 15118-2: Road vehicles -- Communication protocol between electric vehicle and grid -- Part 2:
Sequence diagrams and communication layers (New Proposal)

24

IEC 61850: Communication networks and systems in substations
Implications for PHEVs: Especially for vehicle-to-grid concepts the development of these standards
is of high importance. Up to now no common communication protocols exist.
2.2.5

Security

The security standards described in this section are valid for the battery system, the functional safety
and high-voltage safety.
ISO 6469-1:2009: Electrically propelled road vehicles -- Safety specifications – Part 1: On-board
rechargeable energy storage system (RESS)
This standard applies to the on-board rechargeable energy storage systems (RESS) of electrically
propelled road vehicles, including battery electric vehicles, fuel-cell vehicles and hybrid electric
vehicles, specifying requirements for the protection of persons inside and outside the vehicle and the
vehicle environment.
The following requirements for RESS are specified in this standard:
• Isolation resistance requirements
• Clearance and creepage distance
• Requirements for the emission of hazardous gases and other hazardous substances
• Heat generation under first-failure conditions which could form hazards to persons shall be
prevented by appropriate measures
• An over-current interruption device must be used
For crash tests specific requirements are defined:
• Protection of occupants: The battery shall not penetrate into the passenger compartment if it is
mounted outside the compartment and the movement of the battery shall be limited if it is
mounted inside the compartment. Furthermore, no spilled electrolyte shall enter the passenger
compartment.
• Protection of a third party: The battery shall not be ejected from the vehicle in the case of a
crash.
• Protection against a short-circuit: In the case of a crash the battery shall be protected against
short-circuits.
Implications for PHEVs: All requirements defined in this standard have to be considered for PHEV
batteries and the battery mounting in the vehicle.
ISO 6469-2:2009: Electrically propelled road vehicles -- Safety specifications -- Part 2: Vehicle
operational safety means and protection against failures
ISO 6469-2:2009 specifies requirements for operational safety means and protection against failures
related to hazards specific to electrically propelled road vehicles, including battery electric vehicles
(BEVs), fuel-cell vehicles (FCVs) and hybrid electric vehicles (HEVs), for the protection of persons
inside and outside the vehicle and the vehicle environment. The standard applies only if the maximum
working voltage of the on-board electrical propulsion system is lower than the upper voltage class B
limit (see ISO 6469-3).
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Requirements related to internal combustion engine (ICE) systems of HEVs and comprehensive
safety information for manufacturing, maintenance and repair personnel are not provided by the
standard.
The standard regulates important safety means:
• At least two deliberate and distinctive actions for the power-on procedure shall be performed in
order to go from the power-off mode to the driving-enabled mode. Only one action is required
to go from the driving-enabled mode to the power-off mode.
• A main switch function shall be an integral part of the power-on/power-off procedure.
• It shall be indicated to the driver, continuously or temporarily, that the propulsion system of the
electrically propelled vehicle is ready for driving.
• After an automatic or manual turn-off of the propulsion system, it shall only be possible to
reactivate it by the power-on procedure, as described.
• If the on-board RESS can be externally charged by the user, vehicle movement by its own
propulsion system shall be impossible as long as the vehicle is physically connected to the offboard electric power supply (does not refer to class A (see ISO 6469-3) auxiliary electric
systems).
• Significant vehicle propulsion power reductions and low energy contents of the RESS should
be indicated to the driver (e.g. visible or audible signal).
• In case of a low State of Charge it shall still be possible to move the vehicle out of the traffic
area using its own propulsion system. A minimum energy reserve shall be available for the
lighting system when there is no independent energy storage for the auxiliary electrical
systems.
• Switching between the forward and backward (reverse) directions, if achieved by reversing the
rotational direction of the electric motor, shall require either two separate actions by the driver
or a safety device allowing the transition only when the vehicle is stationary or moving slowly.
• When leaving the vehicle, it shall be indicated to the driver whether the electric propulsion
system is still in the driving-enabled mode.
• After switching to the power-off mode no unexpected movement of the vehicle due to the
electric drive shall be possible.
• In terms of electromagnetic compatibility the vehicle shall be tested according to ISO 11451.
• The vehicle has to be protected against failures concerning fail-safe design, first failure
responses and unintentional vehicle behavior.
The
manufacturer of the vehicle shall have information available for safety personnel and/or
•
emergency responders with regard to dealing with accidents involving a vehicle.
• All requirements given in this standard shall be met across the environmental and operating
conditions for which the electrically propelled vehicle is designed to operate, as specified by
the vehicle manufacturer.
Implications for PHEVs: All safety measures listed before have to be applied to PHEVs.
ISO/DIS 6469-3: Electric road vehicles -- Safety specifications -- Part 3: Protection of persons
against electric hazards (published 2009), Forecast publication date Edition 2: 2011-11-27
This part of ISO 6469 specifies requirements for the electric propulsion systems and conductively
connected auxiliary systems (if available) of electrically propelled road vehicles for the protection of
persons inside and outside the vehicle against electric shock.
The vehicle components are divided into the two voltage classes shown in Table 4.

26

Table 4: Voltage classes (ISO 6469-2, 2009)

Voltage class

DC

AC (RMS value)

A

0 < U  60 V

0 < U  30 V

B

60 < U  1500 V

30 < U  1000 V

Voltage class B equipment must be marked with the sign specified in Figure 10. This sign shall also be
visible on enclosures of voltage class B equipment.
The insulation of voltage class B cables must be marked with orange color.

Figure 10: Marking of voltage class B components (ISO/DIS 6469-3, 2009)

Measures and requirements for protection of persons against electric shock are described:
• Basic protection, i.e. protection against direct contact of the live parts of voltage class B.
• Protection under first failure conditions: Isolation monitoring or double insulation or an
additional layer of barriers/enclosures over the basic protection shall be applied.
• As an alternative for the above mentioned measures the vehicle manufacturer can conduct a
hazard analysis to define measures against electric shock.
The standard also describes the requirements on the measures required and specifies tests to verify
the compatibility with the standard.
Furthermore, important specifications for the charging inlet are given:
• One second after the disconnection of the charging plug, the voltage on the inlet shall be less
than or equal to 30 V AC or 60 V DC
• The vehicle chassis shall be grounded during charging on a grounded external power supply
(grid).
Implications for PHEVs: All safety measures listed before have to be applied to PHEVs.
The following standards are under development:
IEC 60364-7-722: Low voltage electrical installations: Part 7-722: Requirements for special
installations or locations - Supply of Electric vehicle
Implications for PHEVs: New requirements for charging infrastructure may be defined.
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2.2.6

Security during charging operation

The safety aspect of charging a PHEV is of major concern. Current standardization (for on-board
chargers) states that the vehicle chassis should be prevented from being on another potential than
ground. Therefore, a solid, low impedance connection between vehicle chassis and safety ground
should be set. An integrated Ground Fault Interrupter (GFI) can prevent fatal injury to persons. The
GFI constantly monitors the current flow in a circuit, sensing any loss of current. If the current flow
through the circuit differs by a small amount from that returning, the GFI quickly switches off power to
that circuit. In case of a contact between the vehicle chassis at false potential and the human body, the
GFI interrupts power fast enough to prevent a lethal dose of current flow.
The integrity of the ground wire connecting the vehicle chassis should be tested before charging is
allowed to commence.
In the following, the question of galvanic isolation of the PHEV electrical system is discussed.
While the car is in driving operation, grounding of the vehicle chassis is not possible. Battery pack,
traction inverter and motor act as an Isolated Terra (IT)-System (Figure 11).

Figure 11: IT-system in driving operation

An IT-System can still operate with one insulation fault (Figure 12), allowing the driver to move the
vehicle to a safe place after a warning signal indicated the first fault. Only after the second insulation
fault there will be a loss of current and the system has to be shut down (Figure 13).
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Figure 12: IT-system with first insulation fault

Figure 13: IT-system with second insulation fault

In charging operation, the battery pack, the charger (without galvanic isolation) and the grid connection
no longer form an IT- but a TN (Terre Neutre)-System (Figure 14).
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Figure 14: TN-system under normal charging conditions

Current will leak with the first insulation fault and endanger human life, if not shut down immediately (
Figure 15). Furthermore, depending on the charger’s topology and control, the potential VE of the
battery to earth might fluctuate with switching frequency of the charger, leading to ground leakage
currents through ground capacity CE (Figure 16).

Figure 15: TN-system with first insulation fault
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Figure 16: Fault current through potential fluctuation and capacity to earth

These ground leakage currents are unnecessary losses and might additionally trigger external GFIs. If
galvanic isolation is added to the charger, the conditions of an IT-System are regained for charging
operation. The price is an increase in volume, weight and cost. Besides that, the efficiency of the
charger will drop because of the transformer needed for galvanic isolation. The necessity of a onefault-tolerance while driving the vehicle is obvious. But while the car is being charged it is usually
parked in a safe place like a garage. A shut down due to an insulation fault will not have severe
consequences for the operator so that charging without galvanic isolation should be investigated as
well.

2.3
2.3.1

Chargers and charging infrastructure
Statistical assessments and consequences for charging

Statistical assessments help to identify the needs and the behavior of car users. All conclusions given
in this section are made for the average user and therefore give hints for the design of cars and
charging concepts for a mass-market which is the typical PHEV target segment.
The typical driving behavior is addressed first. The average driving distance per year (2002) is
around 13,150 km (BMVBS, 2010), per day it is approximately 36 km. When we do not consider the
days during which the cars are not moved, the average driving distance is 46 km (BMVBS, 2002).
Figure 17 shows the fraction of trips, which are driven on distances up to a certain length and the total
vehicle mileage travelled (VMT) on day trips up to a certain length.
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Figure 17: Statistical driving behavior (calculations based on BMVBS, 2002; Santini, 2006; Duoba et al., 2007)

Single trips (trips between two stops) and day trips (all trips during one day) can be distinguished. The
differentiation allows to make fuel saving estimations for the possibility of recharging after every trip
(applies for single trips) and for the possibility of recharging overnight (applies for day trips). In 95% of
the cases single trips are shorter than 42 km and day trips are shorter than 150 km. The fraction of
VMT allows estimating the fuel substitution when using electric vehicles (EVs) with a certain battery
range. Assuming that trips longer than the battery range are driven with conventional cars, about 50%
of VMT can be driven all electric, with a battery that allows for 80 km of electrical driving when the
battery is only recharged overnight. If the possibility of recharging after every single trip exists, a fuel
replacement of 73% can be reached with the same battery range of 80 km.
The all-electric operation or charge depletion (CD) mode fraction of PHEVs depending on the
battery range is shown in Figure 18. The calculation is based on the trip distribution shown in Figure
17. All trips shorter than the all-electric range are driven solely electrically. Longer trips are first driven
electrically until the end of the all-electric range is reached. For the rest of the distance the car is
powered by its internal combustion engine in charge sustaining (CS) mode.
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Figure 18: All-electric operation fraction (CD-mode fraction) of PHEVs (calculations based on BMVBS, 2002; Santini,
2006; Duoba et al., 2007)
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We can conclude that a fuel substitution of approx. 50% can be reached with a battery which allows for
35 km of electric driving; an EV must have an electric range of around 80 km to reach the same fuel
substitution (Figure 17).
For the charging operation of PHEVs and EVs the following can be summarized:
• Overnight charging of a PHEV-50 (PHEV with 50 km all-electric range) is sufficient for over
70% of the days for pure electric driving and 60% of VMT.
• (Fast) recharging after every trip increases CD-mode fraction by 17%.
• In 95% of the days overnight charging of EV-150 (EV with 150 km battery range) is sufficient.
• With (fast) recharging possibility after every single trip 99% of the trips could be driven with an
EV-150.
All statements above are made for the average car user. For specific applications, like regular
passenger service with a very predictable driving behavior, the consequences for battery dimensioning
and charging can differ significantly. Battery sizing can then be made for the specific needs and also
the access of charging infrastructure is more predictable.
For PHEVs charging overnight at home is sufficient in general as the internal combustion engine
can guarantee mobility also with a fully discharged battery. The focus of the investigations is therefore
the proportion of pure electric driving with different stages of infrastructure expansion. Figure 19 shows
for a PHEV-50 the following potentials for pure electric driving:
• If only the possibility of recharging overnight exists, 60% of the annual mileage (vehicle miles
travelled: VMT) can be covered electrically.
• With the possibility of recharging at work around 66% of VMT can be driven electrically.
• Charging infrastructure at shopping centers increases the share to 68%.
• 72% of VMT can be covered when charging during leisure activities is additionally possible.
• A comprehensive charging infrastructure would increase the share of pure electric rides to
77%.
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Figure 19: Share of electrically driven kilometers with PHEVs depending on the battery range and the infrastructure
development; charging power 3.7 kW (dashed 22 kW) (calculations based on BMVBS, 2008a)
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It can also be concluded that charging infrastructure with higher charging powers than 3.7 kW
increases the share of electric driving only marginally (dashed lines in Figure 19). This conclusion is
also valid for pure electric vehicles (Kley et al., 2010).
At a first glance it might be surprising that higher charging powers do not increase the electricallydriven mileage significantly. The explanation for this phenomenon can be found in Figure 20: The
correlation of consumed energy before a pause and the pause length is very high. That means that
before short pauses only a few kilometers were driven on average. Therefore, low charging power is
sufficient to recharge the vehicle battery.
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Figure 20: Correlation of pause times with trip lengths before pauses (calculations based on BMVBS, 2008a)

Another important aspect to consider, with regard to charging infrastructure, are the typical places
where cars are parked overnight (shown in Figure 21). Almost 60% of the cars in Germany are parked
in a garage and further 30% are parked in front of the home. For these two cases the charging
infrastructure can be very simple. For the remaining 10% of vehicles the availability of charging
infrastructure will not be given in the near future due to high investment costs for this kind of
infrastructure.

near
home
8%

other
4%

in front of
home
30%

garage
58%

Figure 21: Proportion of vehicles which are parked at certain locations overnight (calculations based on BMVBS, 2002)
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2.3.2

SWOT-analysis for fast-charging technology

Although fast charging is not necessary for PHEVs, a so-called SWOT analysis is performed for this
technology to identify the strengths, weaknesses, opportunities and threats with regard to this specific
charging method. The strengths and weaknesses relate to technical issues and are also called internal
factors, whereas the opportunities and threats focus on user and general conditions; these are called
external factors.
Table 5 gives an overview on the results of the SWOT analysis for fast-charging technology. In the
following the different aspects in the table are explained.
Table 5: SWOT analysis for fast-charging technology

Strengths
Off-board charger

•

Higher capability for delivering grid
services

Internal

•

External

Opportunities

Weaknesses
•

Negative effects on battery lifetime
due to temperature rise and higher
mean voltage

•

Active cooling necessary

•

Use of high-power
becomes necessary

•

Strong grid access is necessary

•

Faster saturation of the balancing
power market with regard to vehicleto-grid (V2G) technology

•

Chicken-or-egg problem: infrastructure
is needed before vehicles can be used
and vice versa

(PHEV)

cells

Threats

•

After a full discharge the vehicle is
able to drive again sooner

•

Construction
of
an
infrastructure needed

•

Electric vehicle with fast charging
behaves more similarly to an ICEdriven car

•

Battery systems with fast-charging
capability are more expensive

•

•

High energy cells with higher
maximum
charging
rate
are
developed

Need for fast charging only given on a
few days during the year for a
standard car user

•

•

Chance for the electrification of urban
buses and fleets (cabs)

Few cars available with fast-charging
possibility

•

Plug and cable hard to handle

•

Development of inexpensive mobile
storage systems with a very high
energy density

•

Not necessary for PHEVs

expensive
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It becomes obvious that fast charging has only very little technical strengths. The most important
element is the higher capability for delivering grid services due to the higher power rating of the
connection. Consequently, more revenues can be gained while providing balancing power (Woyke,
2009). With a higher power rating of a single car fewer cars have to be pooled to participate in the
balancing power market. As the power electronics of a fast-charger are normally located in the
charging station and not in the car, a small weight reduction may be reached and the off-board charger
does not have to comply with the strict automotive standards.
As negative internal factors the effects on the battery system have to be addressed. Due to the
higher losses and therefore the higher battery temperature during fast charging, the battery lifetime is
negatively affected (Vetter et al., 2005). By applying higher currents to the battery also the mean
voltage during the charging operation is higher compared to a standard charging method. The higher
cell voltage also has negative effects on the battery lifetime. To overcome the battery degradation
through the temperature rise, a more complex cooling system is necessary. In case of standard
charging, an air-cooling system might be sufficient whereas for fast charging the use of water cooling
or the use of refrigerants becomes necessary. This of course increases the battery system weight and
also the cost. In an EV, high energy cells are used, which can deliver enough power for the driving
operation of the car. To achieve very high charging powers, the use of high-power cells is required.
That means that the battery system design is then defined by the charging operation. High-power cells
have a lower energy density and, therefore, more material has to be used for the same storage
capacity. This leads to higher costs for these cells.
For fast-charging stations a strong (or stiff) grid access is necessary. The required connecting
power is not available anywhere, which causes extra investments for the grid infrastructure. For
example, a fast-charging station with three 200 kW chargers needs an extra transformer connected to
the medium-voltage grid. Due to the higher connection power of a single car and the limited amount of
balancing power needed, the balancing power market saturates earlier, which means fewer vehicle
owners can participate.
Furthermore, a chicken-or-egg problem exists: either a fast-charging infrastructure is needed before
the vehicles can be used or vehicles capable of fast-charging have to exist before the infrastructure is
built.
When it comes to the external factors which might influence the introduction of fast-charging
technology, first the user acceptance has to be addressed as an opportunity. Car users are used to the
nearly unlimited driving range of their internal combustion engine (ICE) driven vehicle. During the
introduction phase of electric vehicles it could be beneficial to generate the same feeling by providing
fast-charging stations.
Another driver for fast-charging could be the development of cells with high energy density and at
the same time high charging capability. This would overcome the problem of over-sizing the battery
pack only due to fast charging. However, high power and high energy exclude themselves from each
other.
All discussions so far referred to standard passenger vehicles. However, there are other
applications, where fast charging is an interesting and worthy option.
A sector where fast charging can make sense already today is the urban bus traffic and vehicle
fleets like cabs and delivery vehicles. In contrast to the driving behavior shown before, these vehicles
drive more kilometers per day and the trips are easier to plan. By this, for example, the batteries for
buses do not have to be dimensioned for the whole energy needed during one day. When the bus is
recharged quickly three times a day, only a fourth of the battery size is required.
The high costs for the infrastructure is the first threat for fast-charging concepts, which must be
mentioned. The costs are mainly due to the grid access and power electronics and connectors of the
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charging station. It is unclear with what kind of business model a company can operate a fast-charging
station as it is only needed rarely. As cars with fast-charging capability are going to be more expensive
than cars with standard-charging capabilities, it might be that few car manufacturers equip their cars
with fast-charging technology. As a result, the business model for fast-charging station operators is
going to become even more doubtful.
From a user’s perspective, the fast-charging plugs can be hard to handle. A plug connection which
can transfer powers above 100 kW is always relatively heavy and complicated to use due to the
needed conductor diameter in the plug and in the cable. Inductive charging may offer an opportunity
here.
Another threat for fast-charging technology is the development of inexpensive batteries with a very
high energy density. With that, electric vehicles with a larger driving range become possible and make
fast-charging stations pointless.
Fast-charging stations are not needed for PHEVs. The ICE of a PHEV always guarantees the
mobility of the driver, even if the battery is fully discharged. With fast-charging stations only
very little gain in the all-electric operation of the vehicle can be reached, which does not justify
the higher costs and complexity to make a passenger car capable for fast charging.
2.3.3

Design concepts for PHEV battery chargers

The battery charger of the PHEV is a key component. It has to ensure a high comfort in terms of
personal mobility and an efficient use of batteries as intelligent storage capacities for the grid. It is not
within the scope of this study to develop a new battery charging system. Rather, the objective is to
compare different design concepts regarding their technical and economic impacts. In the following
section the questions whether the charger should be on-board or stationary, and whether the charger
should be integrated into the other electronic components of the car will be answered.
For economic considerations a global point of view should be taken, since most car manufacturers
and suppliers operate on an international level.
Requirements on the charger
In our scenario the PHEV charger should be able to charge the battery from a single-phase, 230 V and
50 Hz AC grid connection with a maximum charging power of about 3.5 kW. The battery is used as a
bidirectional storage system, so the charger should be able to feed energy back to the grid.
a. Optimized charging
Lithium-ion batteries require a constant current during the first and longer part of the charging process.
After the battery voltage has reached a defined level, the voltage should be kept constant, while the
current will steadily drop until the battery is fully charged. The charger should therefore be configured
as a constant current source with programmable current levels, which can switch to constant voltage
mode. The optimization of the charging process should be done by a battery management system with
battery specific firmware that monitors individual voltages, temperatures and states of the cells of the
battery pack and then calculates the set values for the charger (Sauer and Bohlen, 2007).
b. Interconnection requirements
In the IEEE standard 1547, main requirements for interconnection of distributed power resources to the
grid are listed. Similar requirements should be fulfilled by PHEV chargers (IEEE, 2003).
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Specifically, the interconnection requirements are the following:
• The inverter that connects with the grid must limit its DC current injection to a defined
maximum.
• Individual current harmonics and total rated-current distortion under normal operating
conditions must be kept under a defined level.
• Inverters must properly synchronize with the connected utility, causing minimal system
transients and providing reactive power if necessary.
• Inverters must disconnect from the utility in a stated amount of time whenever voltage levels
are not in a specified range anymore.
• Inverters must disconnect from the utility in a stated amount of time whenever frequencies are
not in a specified range anymore.
• Inverters should stop feeding power to the grid, if “unintentional islanding” (distributed
resources become isolated from the power system, but continue to serve loads. This can lead
to a loss of control of the voltage and frequency in the sub-system) occurs.
• Inverters should properly respond to a short circuit condition.
1. The placement of the charger: stationary versus on-board
The charger can either be placed on-board of the vehicle or be installed in stationary locations.
A stationary solution of the charger that can directly charge the battery would reduce the weight of
the vehicle. High-power charging stations can reduce charging time. Charging stations at central
business districts, at work or at other frequently visited places allow charging outside the home garage.
But solely relying on stationary chargers will decrease the mobility of the vehicles through limited
charging points. To meet consumer needs, a large and expensive charging infrastructure has to be
built. Considering all the different battery voltages and technologies, flexible chargers that can serve a
wide range of DC voltages are needed. Hence the cost of these chargers will increase. The
investments needed to build such an infrastructure would be a huge market barrier for PHEVs. An
investment in infrastructure would not be profitable until PHEVs gain popularity and market share, but
to be competitive and attractive, PHEVs need an already existing charging infrastructure. Furthermore,
experience shows that once an infrastructure is built, it is hard to change. Further innovations in PHEV
technology would have to meet the framework requirements of that infrastructure. So, it is essential to
utilize existing infrastructure, i.e. in Germany and most EU countries, the 230 V/50 Hz single-phase
grid connection, which requires on-board chargers.
Another approach is to build charging stations that support several defined DC-levels, which a DCDC converter in the car can use to charge the battery. This would most likely reduce the cost of the
charging stations. But at the same time the vehicles will need an on-board DC-DC charger, again
leading to increased weight. Unless existing propulsion hardware is used, the problems of limited
access points and infrastructural market barrier still remain.
Currently available on-board chargers have a weight of around 6 kilograms. Comparing only the
direct gasoline consumption of the vehicle, we can determine an increased fuel consumption of about
0.2 litres per 100 kg of additional weight. This assumption is based on the Toyota Prius Hybrid which
has a weight of 1,350 kg and a fuel consumption of about 2.5 litres per 100 km. Hence, the additional
consumption would be 0.012 litres per 100 km with the charger on board. One litre gasoline produces
2.32 kg of CO2, which means an increased emission of 0.28 g CO2 per km. Compared to other factors,
like driving style and speed of the car, an additional weight of 6 kg is rather insignificant.
With a charger on board, the vehicle can be connected to any available common plug at any time,
so the infrastructure costs are reduced. At the same time, an on-board charger would meet consumer
needs: The easier it is to charge, the less the driver has to depend on the internal combustion engine
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as a range extender and therefore less fuel is consumed. An on-board charger will lead to more
flexibility and thus a greater acceptance of PHEVs in general. It can even lead to a reduction of fuel
consumption, depending on the driving distance.
These considerations lead to the conclusion, that on-board chargers should be put on the first
generation of PHEV to keep the costs small and to reach a high compatibility with existing
infrastructure (230 V outlets).
2. Charger topologies
There is a wide variety of V2G charger topologies. The range goes from chargers based on inverters to
the ones based on rectifiers (unidirectional). Some may have an additional bidirectional DC-DC
Converter, to allow a wider battery voltage range. As mentioned earlier, chargers come either with or
without galvanic isolation. Galvanic isolation is typically realized within the DC-DC converter, by adding
a light-weight, high-frequency transformer. The advantage of high-frequency transformers over linefrequency transformers is their smaller size and weight at the same power output (Victor, 2007; De
Doncker et al., 1991).
Two topologies will be discussed in the following. The first one is an integrated topology proposed
by AC Propulsion in the US.
a. Integrated topology
The integrated design uses the power components of the electric vehicle motor drive to create
chargers with minimum weight and low cost. The integrated charger is usually based on the inverter of
the electric motor drive; an additional power converter is not needed in this design concept. In the
following a concept is discussed that is fully based on the power electronic of the EV motor drive with a
minimum of additional components.
Figure 22 shows the basic principle of the integrated charger of AC Propulsion (AC Propulsion,
2010).

Figure 22: AC Propulsion V2G model AC 150 electric schematic (illustration based on AC Propulsion, 2010)
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As one can see, besides the traction inverter for the traction motor, the charger consists of only an LCfilter for the grid connection, two switches K1 and K2 and the logic control (which is not shown here
explicitly). When K1 is closed and K2 is open, the arrangement works as a three-phase inverter (B6brigde circuit with forced-commutated semiconductors, mostly IGBTs with freewheeling diodes) to
convert the DC battery voltage into three-phase AC output for the traction motor.
When the vehicle changes to grid connection, K1 is opened and K2 is closed. The arrangement
functions as an H-Bridge converter with nearly ideal inductive smoothing, because the inductance of
the traction motor is very big. The H-Bridge topology is able of four quadrant operation, allowing the
vehicle battery to charge and to feed power back to the grid. The line with S1 and S2 is unused in this
mode.
Wu et al. (2008) show for permanent magnet synchronous machines (PMSM) that the angle
between the phase 1 with L1 and the motor axis in this set-up should be set to particular values (60°
and 240°) and then locked. Different angles can cause a pulsating torque whose magnitude may be
comparable to the motor’s rated torque. The advantage of this topology is the reduced amount of parts
resulting in a smaller and lighter charger. AC Propulsion speaks of only $ 300 worth of additional
components to turn the traction inverter into a charger, which clearly is a huge cost advantage
compared to an extra charger (AC Propulsion, 2010). Because of the oversized power electronics
needed for the traction drive this topology can handle high-power charging up to 18 kW but also has
higher losses through the switches and the motor inductances. This topology also has other
downsides. Due to the lack of a DC-DC converter this arrangement can only serve a narrow range of
voltages. While for the US grid with 120 V AC and a peak voltage of 170 V, a 200 V battery is enough,
for the European grid of 230 V AC the minimum battery voltage must be 350 V. So, only high-voltage
batteries can operate with the integrated charger topology of AC Propulsion. Furthermore, the topology
does not have galvanic isolation, leading to the problems mentioned in previous sections.
b. Extra charger topology
The earlier mentioned downsides of the integrated topology can be solved with an extra charger at the
cost of additional parts.
The simplest charger is a controlled AC-DC inverter with rectifier modus (e.g. H-Bridge Converter).
If another DC-DC converter is put into cascade to the rectifier, a modification of the DC-output is made
possible. The voltage range of the charger will greatly improve; basically every battery can operate in
this configuration. This allows, on the one hand, the use of low-voltage batteries in a high-voltage DCbus configuration. Realizing the DC-DC converter with a transformer, galvanic isolation is gained for
the system.
On the other hand, additional components will lead to higher costs and can lead to decreased
efficiency if the losses caused by the increased number of parts are higher than the gain through the
possible use of smaller-sized switches and the more complex system. An example of an extra charger
is given in Figure 23.
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Figure 23: Bidirectional extra charger

This charger is designed as a galvanically isolated DC-DC converter in series to an H-Bridge
converter. The link between them both is the capacity C1 which creates an intermediate voltage circuit.
The DC-DC converter of this topology is a Dual-Active-Bridge, which is characterized by its softswitching ability and the high-power density (DeDoncker et al., 1991).
An LCL-filter damps the switching harmonics of the charger. In LCL-filters smaller inductors can be
used compared to L-filters, resulting in advantages in costs, dynamics and size. But the filters tend to
oscillate with filter resonance frequency. The resonance can be damped by adding a resistor in series
with the filter, but this would result in considerable power losses. A better approach would be active
damping by control algorithms as presented in (Dannehl et al., 2007). An example for a commercially
(small batch production) available extra charger is the Brusa-NLG5 (unidirectional), at costs of € 2,400
in the 7.4kg version and € 4,600 in the lighter 6.2 kg version (Brusa, 2010). More information about
costs for power electronics components can be found in the VDE study “Electric Vehicles” (VDE,
2010).
Another way of solving the problems of the integrated single stage charger presented in a. can be
taken from Lai and Nelson (2007). It is shown that an additional bidirectional DC-DC converter is often
essential to manage the power flow between battery and DC-bus of the inverter-motor drive. An
utilization of this DC-DC converter for the charging operation is thinkable, allowing the integrated
topology in a. to operate at different voltage levels and with different battery sizes.
3. Integrated versus separated
The on-board charger can be designed as an extra and independent component or it can be integrated
into the rest of the driving system, sharing power electronic parts with other applications. One possible
solution of an integrated charger was shown with the charger of AC Propulsion.
The advantage of an integrated charger is clear. Due to the fact that fewer components are needed,
the charger is cheaper and lighter.
But considering other technical and economic aspects, an extra charger can still be the better
solution. From a technical point of view, one major design requirement is the lifespan of the system.
Depending on the planned time of service, a system has to be more or less durable. The average
serving distance of a car is about 160,000 km; the average lifespan is 11 years.
The power electronics of the drive system, for example the inverter, is used while the car is being
driven, so only for an average of less than 40 km a day during the entire lifetime of the vehicle. This
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makes about two hours of service per day or about 8,000 hours in the whole lifespan of the vehicle.
The rest of the day the car is parked and the battery is either being charged or serving as a
bidirectional storage system. This means most of the time the car is using the charger to get power or
to feed power back to the grid. Figure 24 shows the estimated accumulated operating hours for
traction, unidirectional and bidirectional modes.

Figure 24: Accumulated operating hours, assuming vehicle lifespan of 11 years and 160,000 km driven

This leads to the conclusion that power electronics in the charger should be more reliably than the rest
of the system. In an integrated charger, the whole power electronic system has to be designed for a
permanent use over several years, leading to the need for better components and higher costs.
In addition to that, the maintenance of the car will become easier through an independent and
changeable charger, resulting in a reduction of lifespan cost.
One major weakness of the integrated charger will become clear, if we consider the different
electric power systems in different regions of the world. To mention the largest regions:
• The European low voltage grid has got 230 V and 50 Hz AC voltage.
• In America it is 120 V and 60 Hz AC voltage.
• In China the voltage is about 220 V with a frequency of 50 Hz.
• In Japan the voltage is 100 V at the frequency of 50 Hz (East Japan) or 60 Hz (West Japan).
And in each country there are different interconnection requirements to be fulfilled.
When using a charger integrated into the drivetrain, it either has to be very flexible or the power
electronic front-end system has to be redesigned to reach maximum efficiency. An independent
charger can be modified easier and changed without having effect on the performance of the electrical
engine or other parts of the car. The same considerations can be made for different car models with
different engines and different batteries. To integrate a charger into each and every one of the different
drivetrains will need a lot of effort from the car manufacturers using research and production
capacities. Hence, designing and producing an extra charger and modify it for different purposes, may
lead to economies of scale for both research and production, thus reducing the unit cost of the charger
as the number produced increases.
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2.4

Battery lifetime

Battery lifetime is a crucial point for PHEVs and especially the vehicle-to-grid concept. The costeffectiveness of vehicle-to-grid is based on the fact that the battery lifetime is not affected by offering
grid services. Under that condition ancillary services can be offered at zero additional costs, thus
resulting in a monetary benefit for the car owner.
Different definitions exist for the end of a battery’s lifetime. One of those is e.g. the point in time
when 20% of the nominal capacity is lost. For high-power batteries a doubling of the internal resistance
is often used as end-of-lifetime criterion. The lifetime of batteries mainly depends on three factors:
• Temperature: a rise in temperature by 10-15°C roug hly results in half the lifetime.
• Cycle depth (Δ SoC): a decrease in the cycle depth increases the lifetime. As can be seen in
Figure 25, the possible number of cycles increases disproportionally to the reduction of cycle
depth. Therefore, a much higher energy throughput (full cycles) is possible by decreasing the
cycle depth.
• Voltage: a higher voltage decreases the battery lifetime.
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Figure 25: Qualitative number of cycles until end of life depending on cycle depth; number of full cycles for Δ SoC =
100% is depending on the used battery

In a vehicle-to-grid concept the vehicle batteries are aged during different regimes:
• Aging due to cycling during driving operation.
• Calendaric aging due to standstill periods.
• Aging due to cycling during periods where grid services are offered.
As a lithium-ion battery system is a very expensive component, the calendaric lifetime (i.e. the time
without cycling after that the battery is unusable) should be in the range of the car’s lifetime, which is
around 13 years. During these 13 years the number of full cycles shown in Table 6 occur during the
driving operation of the car.
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Table 6: Number of equivalent full cycles during vehicle lifetime of 13 years, 18 kWh/100 km, 13,000 km/year

Electrically-driven
mileage

Electricity consumed

Number of equivalent
full cycles

PHEV-35

84,500 km

15,210 kWh

2,400

PHEV-50

103,090 km

18,556 kWh

2,060

As stated before, the maximum number of full cycles is heavily dependent on the cycle depth. For
PHEVs the cycle depth distribution shown in Figure 26 can be estimated. The following can be
concluded for a PHEV-50 (PHEV-35):
• 49% (37%) of the cycles have a Δ SoC of less than 50%.
• Only 26% (40%) of the cycles have a Δ SoC of 100%.
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Figure 26: Accumulated percentage of Δ SoCs for an average car user, 18 kWh/100 km (calculations based on BMVBS,
2008a)

As recent lithium-ion batteries show full-cycle numbers of above 4,000 at Δ SoC = 100% there is
substantial potential to offer grid services without decreasing the battery lifetime in the car.
The aim of the battery tests performed is to quantify this potential for a certain battery technology.
Therefore, the different influence factors on battery lifetime are investigated. To this end, a test matrix
of four cycling tests and three storage tests were developed. Each test is made with a string
connection of three lithium-ion cells (Saft VL45E, 45 Ah nominal capacity), as shown in Figure 27.
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Figure 27: String connection of three lithium-ion cells for cycling tests

The cycling tests consist of the following cycles:
• Cycle 1: 80-90% SoC, charge current 0.5 C, discharge current 1.0 C (see Figure 28)
• Cycle 2: 30-40% SoC, charge current 0.5 C, discharge current 1.0 C (see Figure 28)
• Cycle 3: 30-90% SoC, charge current 0.5 C, discharge current 1.0 C (see Figure 29)
• Cycle 4: 30-90% SoC macrocycle combined with a 10% DoD microcycle, charge current 0.5 C,
discharge current 1.0 C (see Figure 30)
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Figure 28: Cycle tests 1 and 2
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Figure 29: Cycle test 3
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Figure 30: Cycle test 4

To extrapolate the calendar lifetime of the batteries and to identify the influence of different
voltages/SoCs tests according to the storage test matrix shown in Table 7 are performed.
Table 7: Storage test matrix

SoC
85%
60%
35%
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Temperature
55°C
55°C
55°C

Although the battery tests are accelerated by increasing temperature, the capacity values are still very
close to the initial capacities. Therefore, a reliable extrapolation of the end of life of the battery cannot
be made yet. Test results will be shown in Part 2 of the project report.

2.5

Integration in low voltage grids

One advantage of PHEVs is the possibility of an energy exchange with the local power grid, which
could generate, under certain circumstances, benefits for the car owners, the electric utilities or other
energy market actors. The keyword for this application is Vehicle-to-Grid (V2G), which basically deals
with the use of (plug-in hybrid) electric vehicles while they are parked for ancillary grid services, which
presently are provided predominantly at the high-voltage level. Particularly the offering of expensive
energy products, such as balancing power, peak load, emergency power and the intermediate storage
of electricity to level load curves, are interesting opportunities for PHEVs (Kempton and Tomic, 2005a).
These services reduce imbalances between production and consumption or congestions on the grid
and are provided by generating devices with specific requirements.
2.5.1

Technical requirements for V2G services

To realize the V2G services described in the following, some technical and conceptual requirements
have to be met in advance. Three basic technical requirements of the vehicle are prerequisites for the
implementation of the V2G concept (Kempton and Tomic, 2005a): (1) It must be connected to the grid
and may allow bidirectional power flow; (2) It can have a device to communicate with the grid and/or
fleet operators, although this is not obligatory; and (3) It must possess on-board instruments to
measure, monitor and control the flow of energy.
The costs for these technical requirements stated in the literature range from around € 300 to € 425
(Tomic and Kempton, 2007; EPRI, 2004).
In addition to these vehicle-specific barriers, the necessary grid infrastructure must be present for a
successful diffusion of PHEVs and the implementation of the V2G concept. In other words, a further
technical requirement is the adequate dimensioning of the circuits. The costs to connect a household
to the electric grid are approximately € 1500. Furthermore, if the power limit of a standard ‘Schuko’
socket of 3.680 kW is insufficient, e.g. when fast charging is wanted, about € 580 have to be spent to
obtain a power of 15 kW in Germany (Williams and Kurani, 2006). In all other cases – when the
vehicles are charged overnight or during similar long-term parking periods (e.g. at work) – the current
infrastructure of the electricity system is not a significant obstacle. Additionally, and contrary to private
charging, public charging stations that have to be installed in public car parks, lead to further costs
which can vary between € 1,000-10,000. The expensive models can be classified as prestige objects,
aiming at increasing the attractiveness of electric vehicles by means of a high-quality and attractive
appearance, but are not suitable for a wide-area application of charging stations in Germany.
The installation costs of the already proven “Park & Charge” charging stations range from € 1,000
for a wall fastening or € 1,400 for a stand-alone device. However, major cost reduction potential exists
through economies of scale, since many connections are made in chronological and spatial proximity.
This spatial proximity, though, might make the installation of a transformer with higher power
necessary. If, for example, an average German car park will be equipped with charging stations, an
additional transformer station, additional rectifiers and additional junction boxes may be needed. A
transformer station costs about € 15,000 and the installation of the transformer station with cables and
junction boxes etc. will cost about € 35,000, while, if needed, the rectifier costs € 50,000 as well (expert
interview with D. Tinnemann (enwor), 2009). Additionally, if a comprehensive supply of battery
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replacement stations is the target, the installation of such an infrastructure would be associated with
high financial costs.
In addition to these largely technical conditions, there is a further need for a usage-based billing
system for an adequate pricing of the energy absorbed from and fed into the grid. Although this type of
billing systems already exists in the telecommunication industries, the identification of construction
costs of such a system was beyond the scope of this study.
For the participation in the markets for ancillary grid services, strict prequalification guidelines exist
in Germany (Vattenfall Europe Information Services, 2009), which may complicate the use of electric
vehicles for these services. For example, the prerequisite to offer in the market primary reserve is a
time availability of 100%, which can only be provided by a single vehicle when it is continuously parked
and plugged in. The participation in the market for secondary reserves on the other hand requires an
availability of 95%, which could be met by vehicles, since they are parked 96% of the time on average
(Kempton and Tomic, 2005a). But, a serious participation in the markets for regulation would only be
feasible if several vehicles are grouped to increase their average availability. Furthermore, offers on
the market for balancing energy are currently accepted only if they consist of several megawatts, which
would, on the one hand, require a restructuring of the market access for suppliers of smaller kilowatt
sizes or, on the other hand, would in turn encourage the vehicle owner to form larger units.
2.5.2
2.5.2.1

(Economic) potential of vehicle-to-grid services of PHEVs
Balancing energy

Power

To identify the potential of electric vehicles to contribute to power reserve, a brief overview of present
specifications required by the UCTE (Union for the Coordination of Transmission of Electricity) with a
subsequent conclusion is given below.
In practice, different types of reserve services are required to respond to different types of events
over different time frames (see Figure 31).

Primary
reserve
(all TSOs)

Secondary and
tertiary reserve
(affected TSO)

Adjustment by
affected
balancing group

TSO: transmission
system operator

15 min

>60 min
Figure 31: Different kinds of reserve power

Primary reserve
Primary reserve is activated automatically on facilities that are able to generate no less than 100 MW
of electrical power with a contribution to reserve of at least ±2% of the capacity installed.
Contingencies require primary reserve to be active in the period up to 30 seconds post event (VDN,
2003). Electric vehicles equipped with converters and a frequency measurement in order to respond to
a particular deviation, technically enable the mobile storages to react very quickly (within milliseconds)

48

to contribute to primary reserve. However, present legislative prequalification standards and a lack of
automation do not allow pooling of units as an option to contribute to primary reserve.
Secondary reserve
Secondary reserve is activated automatically upwards or downwards on a continuous basis as
required. The reserve is required in the time period from 5 seconds post event to 15 minutes with a
minimal amount of 10 MW (VDN, 2009). Unlike primary reserve, this type of service permits several
devices to be pooled to cover the total power of 10 MW. This option enables regionally dispersed
electric vehicles to participate with a certain capacity of the battery to contribute to secondary reserve.
However, due to the lack of necessary communication infrastructure to a dispatching centre and timely
alternating locations, pooling of electric vehicles is not yet a marketable option.
Tertiary reserve
Unlike primary and secondary reserve, tertiary reserve is activated manually upon request with a
minimal contribution of 15 MW (VDN, 2007). It is activated less quickly than the previous cases (within
15 minutes) and has to be ensured for a period of up to one hour. Two main types of tertiary reserve
are distinguished by additional injection of power to the grid and by reduction or interruption of
consumption. Similar to secondary reserve, pooling to obtain the amount of power required enables
electric vehicles to participate to this type of reserve.
Hence, present prequalification of the tertiary reserve market technically qualifies electric vehicles
to provide ancillary services.
Balancing power can either be offered with unidirectional or bidirectional grid connection. The basic
characteristics of these two concepts are:
Unidirectional connection
• Positive balancing power is offered by stopping the charging operation. The reduction of power
demand is equivalent to an increase in production.
• Negative balancing power is offered by starting the charging operation upon request.
• When the PHEV is fully-charged, no balancing power can be offered.
• There are no additional costs for the power electronics of the charger and no additional cycling
of the vehicle battery.
Bidirectional connection
• Positive balancing power can also be offered by discharging, when the battery is fully charged
• In the case of a partially charged battery, the potential for delivering grid services can be
doubled.
• For bidirectional power electronics around 30% additional costs must be calculated.
• Feeding power back causes additional cycling of the battery and contributes to battery aging.
The previous section dealt with the possibility to balance energy demand and supply with a fleet of
electric vehicles. The limiting factor for this kind of grid service is the stored energy and the connecting
power. As the batteries are connected to the grid by power electronic converters, additional grid
services can be offered where the energy content of the battery does not play a major role:

49

Reactive power compensation
With appropriate design the chargers are able to consume or produce reactive power. This can be
necessary in grids with a high penetration of non-ohmic loads and increases the efficiency of the power
distribution by reducing the transmission losses in the grid. The apparent power of the charger has to
be higher than in the case without reactive power supply.
Flicker compensation
In grids with a high penetration of highly dynamic loads (e.g. welding equipment) and electricity
producers (e.g. wind generators, photovoltaic) voltage fluctuations (flicker) can occur. By using
appropriate control schemes in the battery chargers a flicker compensation can be achieved in the
grid.
Harmonics compensation
Traction inverters and inverters for the supply of household devices (TV, computer, energy-saving
lamps) can cause a high harmonic content in the grid. The harmonics generate voltage distortions and
by this increased losses in the grid. The power electronics of the chargers can generate compensation
currents which cancel out the harmonics.
Reactive power, flicker and harmonics compensation can be offered with more or less no additional
cycling of the battery and therefore no additional costs from a battery’s point-of-view. However, the
power electronics might be more costly when they are rated to offer these grid services.

Daily traffic

PHEVs and electric vehicles meet the technical requirements to provide primary and secondary
control. Fast response and immediate deployment of the full power qualifies chargers to provide these
grid services. But since many of these grid services must be available upon request (automatically or
manually) at any point in time and are required only occasionally (e.g. when incidents occur) or
unforeseeably, a use of single electric vehicles for these purposes is limited, because the vehicles are
not available at all times, e.g. when they are in use. However, a fleet of electric vehicles could solve
this problem, as illustrated by the total daily availability of vehicles. Figure 32 illustrates the daily traffic
volume during a summer weekday based on conventional vehicles. It can be seen that the majority of
vehicles are commuting between 4 pm and 6 pm. Nevertheless, the maximum proportion of vehicles
driving on the road only accounts for 7.2% of the entire vehicle fleet. Consequently, approximately 93%
are potentially available to contribute to grid services. In addition, the daily vehicle usage patterns
follow a certain regularity, so that a prediction of vehicle availability would be possible.
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Figure 32: Distribution of traffic volume on a summer weekday in San Diego (Kempton et al., 2001)
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In the following, a short calculation estimating the quantity of vehicles necessary for participation in the
balancing power market is given in Table 8. Primary reserve has been excluded, since pooling of
mobile storages presently does not provide a legislative prospect of participation.
Table 8: Number of vehicles required to participate to the reserve market

Charge-/
discharge
power

Secondary
reserve

Tertiary
reserve

Number of vehicles required
3.7 kW

2,900

4,400

10 kW

1,100

1,700

It can be noted that the number of vehicles necessary to satisfy present prequalification decreases as
the charge/discharge power rating increases. Due to the requirement of providing positive and
negative reserve power, a certain capacity margin of the battery must be kept to enable feeding power
back into the grid or consuming additional energy if requested. The potential of vehicle-to-grid
technology in Germany can be estimated with the figures shown in Table 9 and Table 10:
Table 9: Mobility data 2008 (Germany) (BMVBS, 2010)

Number of passenger cars

41.184 million

Total annual vehicle mileage

584.6 billion km
3

Average annual vehicle mileage per car
Average mileage per day and car
Estimated electricity consumption, if all cars
drove fully electrical (18 kWh/100 km)

14,195 km
39 km
105 TWh, equivalent to 20% of annual electricity
consumption

Table 10: Electricity data 2008 (Germany) (BDEW, 2008)

Annual electricity consumption (net value)
Average load
Maximum load (15th of January, 7 p.m.)
Total power generating capacity
Largest pump storage hydro power plant
in Germany (Goldisthal)

538.4 TWh
61.5 GW
76.8 GW
132.7 GW
1.06 GW peak power,
8.5 GWh storage capacity

For the assessment of the potential of delivering grid services an electric vehicle fleet with fully
charged 10 kWh batteries and a connecting power of 3 kW is assumed. From the data given above the
following can be concluded:
• 50% of the fleet would cover the average load in Germany for about three hours.
• 1.9% of all cars (1.2 kW connecting power) could replace the pump storage hydro power plant
Goldisthal (Germany).
To summarize, a major diffusion of PHEVs could substitute other power plants in the balancing power
markets. But the question remains if the supply of these ancillary grid services is economical. Or put
differently, are the revenues in the balancing power market sufficiently attractive so that individual
3

This number is higher compared to the number in the year 2002 as from 2008 on vehicles which are temporarily not registered
are no longer counted in the statistics.
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vehicle owners would participate? To answer this question we conducted some calculations, which are
presented in the following, assuming legislation and charging infrastructure is adapted to allow primary
and secondary control.
Primary control is solely paid for by the amount of time the capacity is held available and ready
(capacity payment). No additional amount is paid for the energy that is actually delivered. The price for
the provision of a megawatt-hour of primary control is about € 17,500 for a period of one month. One
kilowatt provided over a period of one hour, therefore leads to a power price of € 0.0235/kW-h.
However, as prices for balancing power services were very volatile in the past (Vattenfall Europe
Information Services, 2009), this might not be a reliable value.
Secondary control potentially has to be delivered over a period of several hours. Thus, a kilowatthour rate is additionally paid for the actually produced kWh (energy payment) in contrast to the primary
control. A distinction is made between peak and base prices, and between positive (energy supply)
and negative (energy absorption or load reduction) balancing power or “regulation up” and “regulation
down” respectively. Holding power available during peak hours at day-time will be paid higher than
during the night or at the weekend. In addition, the kWh-rate that the supplier of the produced energy is
paid for is very high, whereas the supplier has to pay a low price for every kWh he absorbs during
negative regulation. For simplicity reasons, one single average value was calculated out of the base
and peak price data, which provided a basis for the calculation of the following power and energy rates
(capacity and energy prices) (Vattenfall Europe Information Services, 2009; EFET, 2008). The average
power price (demand charge) of positive secondary control power was about € 0.01/kW per hour in the
year 2008 and the unit charge (energy rate, kWh-rate) was € 0.12/kWh respectively. In the same year,
the average power price of positive secondary control was € 0.005/kW-h and the unit charge was
€ 0.0045/kWh.
A limiting factor for the supply of balancing power is to a lesser extent the capacity of the battery, as
it is designed for a high operating performance of the electric drive. The potential of the vehicles for
balancing power rather depends on the sizing of the power connections.
4
Based on US data (Kempton and Tomic, 2005a), we did our own calculations for the German
electricity market, to evaluate the revenue potential of PHEVs in the primary and secondary control
markets. However, the results might be skewed, since the German and the US electricity markets are
not comparable one-to-one. Our calculations are based on the following assumptions: (1) a capacity
payment of € 0.017/kW-h attainable for primary control power, (2) an electricity price of € 0.18/kWh, (3)
a lithium-ion battery price of very optimistic € 350/kWh and (4) an efficiency factor of at least 90% for
these batteries, as well as (5) otherwise identical values as in Kempton and Tomic (2005a). A Toyota
RAV4 with 15 kW of available power (limited by the maximum grid connection capacity) and a daily
availability of 18 hours then could generate an annual net revenue of € 726, including the costs of the
connection to the grid. The correlation between the specific battery prices and the recoverable profits
with primary control are illustrated in Figure 33. As can easily be seen, the revenues approach zero, if
the battery price is corrected towards contemporary values (ca. € 1,000/kWh, BCG, 2010).
Additionally, it should be noted that the determination of the precise depth-of-discharge (DoD) of
the batteries due to primary control activities is difficult, since there is no information about the actually
called energy quantities for primary control. Therefore, we assumed an average DoD of 34%, around
which the actual values are oscillating due to the numerous electricity-storing or -delivering activities. In
a Toyota RAV4 with a battery capacity of 22 kWh, this represents an average SoC of 14.5 kWh
(22 kWh – 15 kW * h/2).
4

The following results regarding the revenue potential of different V2G services, such as the supply of primary and secondary
control, peak power, peak-shaving and emergency power, are based on calculations in Schild (2009).
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Figure 33: Rev
venue of primary control services subject to battery prices
s

A different approach could be the
e use of PHEVs exclusively for negative primary control power (Tomic
and Kempton, 2007). This would not only reduce the costs of the connection to the grid of about € 310,
since the devices would not have to cope with bidirectional load flows, but also the
t wear costs of the
battery, since the absorbed ene
ergy would just delete load cycles, which would have to be made
anyway. Supply of negative prrimary control would achieve higher net reven
nues compared to a
combination of positive and neg
gative primary reserve and would be more resistant to power price
fluctuations, too. However, today primary balancing power is listed only as a combined product of
positive and negative control. A separate
s
sale of negative primary reserve energyy therefore is currently
not possible.
A calculation of secondary co
ontrol revenues first needs some assumptions about
a
the power that
can be supplied. For example, with
w a desired residual driving range of 36 km, 13
3.2 kWh are available
for secondary control purposes, in the above mentioned Toyota RAV 4. However, since in the course
of time both positive and nega
ative control energy have to be provided for a longer time period
compared to the primary balancin
ng power, battery capacities have to be kept free
e for both positive and
negative power. To achieve a suffficient bidirectional power output of 1.65 kW of th
he battery during four
hours an unused capacity of 6.6
6 kWh has to be available. With this, the avera
age DoD is 30% and
corresponds to a SoC of 15.4
4 kWh (22 kWh – 6.6 kWh). One advantage of the low capacity
deployment would be the omissio
on of the grid connection upgrades of about € 580
0.
Assuming power prices of € 0.01/kWh
0
for positive and € 0.005/kWh for negatiive secondary control
and energy rates of € 0.12/kW
Wh and € 0.0045/kWh, respectively (Vattenfall Europe Information
Services, 2009), our calculationss result in a revenue of € 383 for secondary balancing power services
per vehicle and per year. If one
e uses, however, the vehicle exclusively for the
e negative secondary
control, solely the low energy rate
e of € 0.0045/kWh would accrue as specific cost.. The revenues would
originate from the saved costs for
f the omitted charging processes and would sum
s
up to € 434 per
annum. However, since this se
ervice cannot be provided with a fully charged
d battery, the annual
availability for balancing power will
w be lower compared to a combined secondary control.
c
In summary, PHEVs are in priinciple suitable for the supply of balancing power.. The pure use for the
provision of negative control pow
wer is technically easier to implement and is still sufficiently profitable
even at low capacity and energy payments, so that even price drops up to a certa
ain degree, caused by
a saturation of the balancing pow
wer markets, cannot endanger the cost-effectiveness. In addition, the
profits that are generated through the supply of solely negative control are comp
pletely independent of
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battery costs and battery durability, as they only replace load cycles, which would have to be done
anyway. To sum up, both primary and secondary control seems to be a worthwhile business for PHEV
owners.
In the following, other potential V2G services and their economic efficiency will be examined in more
detail.
2.5.2.2

Peak power

The utilization of PHEVs to cover peaks in electricity demand is interesting. High peak prices during
times of high electricity demand could make short-term deployments of electric vehicles as an energy
source attractive. The required energy for this purpose could be purchased at reasonable prices during
periods of low electricity demand. This of course would require a grid infrastructure that enables timevarying tariffs, which we assume as given in our calculations.
The vehicle owners can obtain profits through a careful selection of the daily power purchase and
sale timing, which should be geared to the Over-the-Counter prices (OTC price) at the electricity stock
exchange (EEX, 2008a).
To test the economic viability of this V2G model of peak power provision, a basic simulation was
done. Herein, we assume that the vehicles are equipped with an electronic device, which starts the
battery charging in accordance to the loading capacity and subject to a threshold purchase price,
which has to be fixed by the car owner in advance. The battery can be charged up to a SoC of 100%.
Whenever the threshold selling price is reached subsequently, the previously absorbed energy is sold.
To ensure a residual mobility, energy can only be sold until a minimum SoC is reached. Revenues are
generated through energy sales:

Revenues = Edeliver * pel

(1)

where Edeliver denotes the delivered quantity of energy in kWh and pel is the EEX-Intraday electricity
price on an hourly basis in €/kWh.
Costs are, firstly, composed of the production costs of the sold energy including efficiency losses
and, secondly, of the wear costs of the battery, since only trades with larger amounts of energy
promise a sufficiently large revenue. Thus, the additional load cycles of the batteries are a cost driver.
According to that, the costs are calculated by the following formula:

Costs =

Eabsorb

η conv

* pel + E deliver * cd

(2)

where Eabsorb is the absorbed quantity of energy in kWh, nconv is the degree of efficiency of the electric
system (charger and battery) in %, Edeliver is the delivered quantity of energy in kWh and cd are the
specific wear costs in €/kWh.
The power limit was assumed to be 3 kW, as for conventional ‘Schuko’ sockets, so that no
additional installation expenses are needed. The usable energy band of the battery is 10 kWh for the
supply of peak power. A battery with a capacity of 22 kWh (90 km range), therefore, could be
discharged to 12 kWh, which is equivalent to a DoD of 45.45%. Herewith the remaining driving range
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would be 50 km. For simplicity reasons it is further assumed that the vehicle owner can trade with
energy day and night. In the following, the simulation is described mathematically.
The formula for the purchase of energy is as follows:

E purchase ,k

 Pcharge * h
* f purchase , if Estored,k -1 ≤ Emax − Pcharge * h
° η
° conv
°° Emax − Pcharge * h
=®
* f purchase , if Estored,k -1 > Emax − Pcharge * h
ηconv
°
°0, otherwise
°
°̄

(3)

where Epurchase,k denotes the quantity of energy purchased at time k in kWh, Pcharge is the maximum
charging power in kW, Emax is the maximum storable quantity of energy in kWh, fpurchase is an indicator
function of purchase potential which is equal to zero or one, Estored,k-1 is the quantity of energy stored at
time k-1 in kWh and nconv are the losses in the degree of efficiency of the battery in %.
The indicator function specifies whether the current electricity price is lower than the specified
threshold purchase price or not:

1 , if c pe,k ≤ pthreshold , purchase,k
f purchase = ®
¯0, otherwise

(4)

where Cpe.k is the electricity price at time k and pthreshold,purchase,k is the threshold purchase price at time
k, both measured in €.
To take the variations of the price curve between weekdays and weekends into account a threshold
purchase and sale price was introduced, which depends on the day of the week:

° pthreshold , purchase, weekdays , if k ∈ weekdays
pthreshold , purchase ,k = ®
°̄ pthreshold , purchase, weekend , if k ∈ weekend

(5)

where pthreshold,purchase,weekdays denotes the threshold purchase price at weekdays and
pthreshold,purchase,weekend is the threshold purchase price at weekends, both measured in €.
The purchase costs are composed of the computed amount of purchased energy times the
electricity price at time k (in €):

c purchase , k = E purchase , k * c pe , k

(6)

where cpurchase,k are the costs of the energy purchase at time k (in €).
The energy quantity that is actually remaining in the battery is obtained by an adjustment of the
purchase quantity by efficiency losses and a deduction of energy sales:

E stored , k = E stored , k -1 + E purchase , k *η conv − E sale , k

(7)
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where Esale,k denotes the quantity of energy sold at time k in kWh.
For the sale analogous formulas are used:

° Pcharge * h * f sale , if Estored , k -1 ≥ Pcharge * h
Esale ,k = ®
°̄ Estored ,k -1 * f sale , if Estored , k -1 < Pcharge * h

(8)

where Esale,k is the quantity of energy sold at time k in kWh and fsale is an indicator function of the sales
potential which equals one or zero.

1, if c pe,k ≥ pthreshold ,sale,k
f sale = ®
¯0, otherwise

(9)

where pthreshold,sale,k denotes the threshold sales price at time k (contingent on day of the week, in €).

° pthreshold , sale , weekdays , if k ∈ weekdays
pthreshold , sale , k = ®
°̄ pthreshold , sale , weekend , if k ∈ weekend

(10)

where pthreshold,sale,weekdays is the threshold sales price at weekdays and pthreshold,sale,weekend is the threshold
sales price at weekends, both measured in €.

rsale , k = E sale , k * c pe , k

(11)

where rsale,k denotes the sales revenues at time k (in €).

c sale , k = E sale , k * c d

(12)

where cd are the specific wear costs in €/kWh.
The total net revenues are obtained by an accumulation of the respective purchase and sale costs
plus the revenues of the sales transactions:
n

Profit = ¦ ( rsale , k − c purchase , k − csale , k )

(13)

k =0

Results from the simulation over the entire year 2008 using intra-day electricity price data (EEX,
2008b) and considering variations of the individual threshold purchase and sales prices show that the
revenue-maximizing thresholds are € 70/MWh for electricity purchases and € 110/MWh for electricity
sales on weekdays and € 30/MWh as well as € 80/MWh at the weekend. The expected profit is only
€ 29 for an amount of energy of 2,135 kWh overall.
First, it is likely to assume that the charging power is the limiting factor. However, an increase in the
charging/discharging power reduces profits. This is due to the fact that with increased charging power
a large amount of energy is purchased immediately whenever the threshold price is reached although
this threshold price would probably fall somewhat further subsequently, due to the shape of the
electricity price curve. Thus, if the charging power is insufficient to directly exploit the energy band
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entirely, the negative slopes of the electricity price curve can be exploited. A lowering of the threshold
purchase price does not make sense as well, as through this less energy will be sold and hence the
overall profit will diminish. The same argument holds true for energy sales.
A variation of the available amount of energy did not lead to satisfactory results. A reduction of the
storage capacity to 8 kWh initially caused a slight increase in profits to € 31. This effect was due to the
fact that with the reduction of the capacity available for intermediate storage the DoD and thus the
specific wear costs decreased, on which the calculations were based. The same effect could be
achieved by increasing the overall battery capacity.
2.5.2.3

Peak-shaving

Another field in which the temporarily available battery capacities could be used would be the leveling
of load curves of affiliated institutions (Williams and Kurani, 2006). This so-called peak-shaving
reduces the power demand during peak hours by storing power in times of low demand beforehand,
which is used to at least partly meet the peak demand. Thus, the load curve of a building or other
energy consumers is getting flatter.
The basic idea behind this approach is the reduction of the maximally required power, which
determines the total annual electricity costs. If the required peak power is lower than before, due to a
partial support from energy stored in vehicle batteries, the remuneration will decrease accordingly. This
of course will only work when the costs for the energy stored in the batteries are lower than the peak
prices for electricity. Normally this will be the case whenever the batteries are charged in off-peak
periods and time-variant tariffs are available (like for companies of a certain minimum size). However,
additional costs will occur, too, like wear costs of the vehicle batteries, as every charging and
discharging process corresponds to a load cycle, which reduces the lifetime of the battery.
The model we used here simulates the annual load curve for the year 2008 with an hourly
resolution using representative VDEW load profiles, which are also used to forecast the electricity
demand (VDEW, 2000). The load profiles are divided into several classes (agriculture, industry and
private households). As an example, we used the profile "G1" (industry, weekdays, 8-18h) for our
simulations. The annual consumption of the companies was scaled to 500 MWh. This corresponds to a
maximum power of 238 kW in the initial state. In addition, we used hourly EEX spot market prices for
2008 (EEX, 2008b) to map the fluctuating electricity prices. Further assumptions of the simulation were
perfect information, price-taking market participants, who do not affect prices with their trading
behavior and a power price of € 55/kWa (ene't GmbH, 2009), because power prices are often specified
in mixed calculations, so that their accurate determination is difficult. Even though the impact on the
overall result is large, the general profitability of the model is given even with a power price of
€ 10/kWa. The model considered here is based on an availability of the vehicles of 100%. That is, they
are available 24 hours a day for peak-shaving purposes, which does not correspond to reality, but
hardly affected the results.
In a sensitivity analysis, two parameters of the simulation were analyzed in more detail. First, the
total battery capacity available for buffering was varied. It represents an absolute value and results
from the multiplication of the storage volume of each vehicle and the number of participating PHEVs.
Through this, an optimal ratio between annual energy procurement quantity and the battery capacity
that has to be provided can be specified. Second, the available storage capacity of each single vehicle
is varied. For example, this value must be adjusted, if the battery capacities are generally quite low or if
the energy requirements for subsequent trips are quite high. In addition, the wear costs of the batteries
decrease with a decrease in this parameter, since a reduction of the battery capacity available for V2G
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services results in a lower DoD value. Obviously, in order to maintain the same total amount of storage
the number of required vehicles has to be increased.

Figure 34: Total profits of Peak-Shaving services

Figure 35: Profits per vehicle for Peak-Shaving services
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Table 11: Results of the simulation of Peak-Shaving services

Capacity per vehicle
0.5 kWh

5 kWh

9.8 kWh

Total capacity: 980 kWh
Peak power reduction

149.2 kW

149.2 kW

149.2 kW

Cost savings

€ 8,207

€ 8,207

€ 8,207

Electricity cost savings

€ 6,149

€ 6,149

€ 6,149

€ 713

€ 7,136

€ 13,988

€ 13,642

€ 7,219

€ 368

1,960

196

100

€7

€ 36

€3

Peak power reduction

99.2 kW

99.2 kW

99.2 kW

Cost savings

€ 5,457

€ 5,457

€ 5,457

Electricity cost savings

€ 4,289

€ 4,289

€ 4,289

€ 458

€ 4,581

€ 8,979

€ 9,289

€ 5,166

€ 768

1,000

100

52

€9

€ 51

€ 14

Wear costs
Profits
Required number of vehicles
Profits per vehicle
Total capacity: 500 kWh

Wear costs
Profits
Required number of vehicles
Profits per vehicle
Annual consumption: 500,000 kWh; Power price € 55/kWa

The results from the simulation are shown in Figure 34 and Figure 35 as well as in Table 11. In Figure
34 the total profits of the peak-shaving service are shown. As can be seen, the profit increases with
increasing total storage capacity, up to the point where the load profile of the company is fully covered
by the battery capacity of the vehicles. This allows a maximum avoidance of peak power. A company
with an annual consumption of 500 MWh has a net income of € 13,642 if 1,960 vehicles with a battery
capacity of 980 kWh are available (0.5 kWh per vehicle). With 100 vehicles (9.8 kWh per vehicle) only
a net income of € 368 can be achieved. That is, the company benefits if the specific amount of energy
per vehicle is as low as possible, as can be seen in Table 11. The smaller the stored amount of energy
of each vehicle, the lower the specific wear costs per kWh. This minimizes the overall costs but, of
course, results in much larger number of vehicles that are required.
However, this is at the same time the crux to determine the profits per participating vehicle owner
(Figure 35). If we suppose that each vehicle owner offers the V2G service individually, each one would
strive to maximize the amount of provided energy to minimize the number of competitors with whom
the profits would have to be shared.
The comparison between the two different energy storage supplies in Table 11 shows that while the
total profit decreases with decreasing storage capacity, the revenue per participating vehicle increases,
which is counterintuitive. This can be explained by two mechanisms:
• Since the electricity price curve correlates with the load curve, energy trading has a negative
slope per storage unit in the margin. With increasing storage capacity, electricity trading
generates decreasing revenues per additional storage unit. Hence, even with small storage
capacities this model still generates relatively high revenues from the replacement of peak
power with off-peak electricity.
• For smaller total storage capacities fewer vehicles are needed if the capacity per vehicle is
held constant. The profit-sharing over a smaller number of vehicles increases the percentaged
profit per vehicle.
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This phenomenon makes the use of PHEVs for peak-shaving services interesting, even in early stages
of market penetration, since a small number of vehicles can achieve revenues in the same order of
magnitude as a whole vehicle fleet, at least if the annual consumption of the company is sufficiently
large. In the long term, the overall revenues only increase with increasing numbers of participants up to
the saturation level of annual consumption and storage capacity. This level is at about 0.2% for
companies associated with the VDEW load profile "G1".
Furthermore, Figure 35 shows that the net profit plane peaks at a specific capacity of 5 kWh per
vehicle. A reason for this is the effect of declining vehicle quantities due to the increased specific
storage capacity. The decreasing number of vehicles initially increases the profit per vehicle, since, as
described above, the net profits have to be divided by a smaller number of participants. At a crucial
specific storage capacity (here 5 kWh per vehicle) the wear costs, which increase with increasing DoD,
overcompensate this effect and finally diminish the attainable profits per vehicle again. In this case, the
specific storage capacity per vehicle can be set to an optimal value of 5 kWh per vehicle.
2.5.2.4

Emergency power

Another idea for the utilization of the unused energy of electric vehicles when they are parked is the
possibility of energy supply to private households or other facilities during power failures
(uninterruptable power supplies). The vehicle owners could be offered an energy payment or a
capacity payment, or a combination of both. An exemplary implementation of this idea is the usage of
the hybrid trucks of a contractual partner of GM as emergency power generators for medical cooling
systems in Florida.
The supply of emergency power for a complete hospital, generated jointly by a fleet of PHEVs,
could develop this model even further (Williams and Kurani, 2006). These applications seem
reasonable at first glance, but it should be kept in mind that the utilization of electric vehicles as
emergency power generators in commercial facilities can be disrupted, since the parking habits of
drivers at certain times (at night, after work) might lead to the situation that insufficient power is
available to actually guarantee emergency services availability around the clock (Kempton and Tomic,
2005b). Thus, this approach is of limited practicability, since for these absences a backup generator
still has to be available.
For example, if electric vehicles could provide the needed emergency power around the clock,
costs for a comparable 50 kW diesel generator of $ 23,800 or of $ 30,800 for a 100 kW generator
would be omitted (Americas Generators, 2009). To ensure these power supplies over a period of at
least four hours, 9-18 vehicles would be needed. However, the battery of the vehicles would be
completely empty after such utilization. A 100 kW generator could offer such services (at an assumed
lifetime of 20 years and an interest rate of 8%) at $ 3,137/year. Spread over 18 vehicle owners, every
single one would be compensated with less than $ 174 per year for making the vehicle available as an
energy reserve for 24 hours a day. It is unlikely that this amount will meet the transaction costs of
vehicle owners.
The combination of a fleet of company cars and the private vehicles of the commuting workers
could be an appropriate solution. During the working hours the vehicles of the commuters supply the
necessary energy reserve against payment. The rest of the time the parked company cars take over
this task.
Suppose that a fleet would be composed of 100 electric company cars with 10 kWh battery capacity
each. Together with 100 commuter vehicles with the same available battery capacity a reserve power
of 250 kW could be offered continuously for about 4 hours. Only the lack of availability for these
services during charging periods of the vehicles should be included with a certain factor. If we
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disregard this situation, the workers should get a charge for wear of the batteries only in cases of
power failures of € 0.84 per vehicle owner or of € 84 altogether. Based on three 4-hour power failures
per year the emergency power supply would cost € 252/year. A diesel generator of this size costs
about € 40,000 (Americas Generators, 2009), which represents an annual cost burden of € 4,074. A
single vehicle owner could then request up to € 13.58 per failure on average.
The most useful application for private vehicle owners is likely to be the supply of emergency power
for the own household (Williams and Kurani, 2006). However, with one single vehicle only small power
reserves will be available if outages occur. With a battery capacity of 10 kWh (41 km range) an outage
with a duration of four hours could be bridged continuously with 2.5 kW. Since this power quantity
might be insufficient or if the desired backup time is expanded, the development of in-house energy
management units could become attractive, which would automatically distribute the emergency power
to individual appliances by previously determined priorities (Williams and Kurani, 2006).
The calculations mentioned above are only rough estimates. If the application of a company vehicle
fleet for the supply of emergency power is suitable this should be examined individually. However,
since a large number of electric vehicles would be needed for these applications, they are not feasible
until a sufficient market penetration of electric vehicles is achieved.
2.5.2.5

Conclusions

The application of PHEVs for balancing energy seems to be most beneficial for vehicle owners.
Indeed, a purely negative primary control could achieve maximum gains in V2G services. The
combined positive and negative primary control could achieve an average profit of € 726 per year and
per vehicle. The secondary control could generate gains of up to € 383-434 – if optimistic battery costs
are assumed. The lack of feasibility of such utilizations, due to the absence of markets for small
quantities of balancing power and stringent prequalification requirements for the certified participation
in balancing energy markets, is an obstacle for early PHEV adopters. Solely bundling of several
vehicles, possibly supported by additional know-how of the fleet manager, allows for a vehicle battery
use that is suitable for balancing energy purposes and allows also to take advantage of economies of
scale as well as an increased vehicle availability.
Based on our calculations, the trade of peak power generally appears to be less lucrative so that it
is not very attractive for individual vehicle owners compared to other types of utilization of their PHEVs.
Power companies could, however, use this type of energy storage for load curve leveling. This would
result in an increase of full-load hours of the power plant portfolio and allow for an optimal adjustment
of grid parameters in order to reduce losses. Even a buffering of energy from renewable sources would
be possible.
The peak-shaving approach seems to be worthwhile, even for a smaller number of vehicles,
although a certain amount of vehicles is necessary to meet the market prequalifications (like certain
kilowatt or Megawatt units) and to benefit from the maximum power reduction. However, an electricity
contract with time-variant tariffs is a prerequisite for this V2G service. Today, such contracts often exist
only for industrial customers, but the deployment of smart meters in the near future will close this gap
in private households. However, until then, aggregators might use this application almost exclusively.
In principle the use of electric vehicles for the supply of emergency power is also feasible for private
households or other small energy consumers. However, this model only makes sense for companies
where the company car fleet is used to provide emergency power at night-times and the vehicles of the
workers take over this job during day-times.
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2.5.3

Additional grid loading by PHEVs – Computer Tool

A tool was developed which can calculate the contribution of a fleet of PHEVs to the global grid loading
in Germany. Parameters which can be chosen are the electric range, the charging behavior and the
charging locations (at home, at work).
As can be seen in Table 9, the electrification of the vehicle fleet only increases the overall electricity
consumption by 20%, which is not a major problem on the generation side of the electricity system. In
the following the additional global power demand for charging PHEVs with a 50 km electric range is
calculated for different scenarios:
• Scenario 1: Charging the PHEV immediately after returning home with 3.7 kW charging power
(Figure 36)
• Scenario 2: Charging the PHEV immediately after reaching the working place and after
returning home with 3.7 kW charging power (Figure 37).
• Scenario 3: Charging the PHEV immediately after returning home with 22 kW charging power
(Figure 38).
It can be seen that for scenario 1 the maximum additional power demand per vehicle is around 540 W.
This power peak appears at around 6 p.m. In scenario 2 an additional power peak with smaller
magnitude (ca. 350 W) can be seen at around 8 a.m. Raising the charging power to 22 kW increases
the peak power demand to around 800 W. This disproportionately small power increase, compared to
the increase in charging power, can be explained by a lower number of instances where
simultaneously charging operations occur.
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Figure 36: Average load curve of a PHEV (charging power 3.7 kW), scenario 1
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Range 50 km, charge power 3.7 kW, charging at work and over night
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Figure 37: Average load curve of a PHEV (charging power 3.7 kW), scenario 2
Range 50 km, charge power 22 kW, charging over night
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Figure 38: Average load curve of a PHEV (charging power 22 kW), scenario 3

2.5.4

Modeling PHEVs in the distribution grid

The charging behavior of PHEVs is modeled with the software DigSilent Powerfactory. To this end, a
distribution segment model is constructed and the charging behavior of PHEVs is modeled based on
real-world driving behavior contained in the study “Mobilitätspanel 2008” (BMVBS, 2008). The focus of
the investigations is the simulation of different management strategies for charging PHEVs. These
charging algorithms can e.g. be based on the following concepts:
• Uncontrolled charging (reference scenario)
• Charging with optimizing costs (i.e. charging during low-price times)
• Charging algorithm which extends the battery lifetime.
• Charging algorithm for delivering balancing power.
Results from these investigations will be reported in Part 2 of the project report.
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2.5.5

Impact of PHEVs on emissions and power generation costs

An increase in the diffusion of PHEVs would increase the load in the grid so that one has to take into
account the emissions created by electricity generation of the electricity producers. Large numbers of
PHEVs will have a significant impact on the total and daily demand for electricity, and hence affect the
generation and supply of electricity, and the corresponding generation costs and power plant
emissions. This is due to the fact that additional amounts of energy required for at least partial electric
mobility is produced by different types of power plants, which differ in their emissions and costs.
Hence, the energy mix of a country plays an important role at this point. Also, the influence of large
numbers of PHEVs on the daily load shape has to be taken into account. Peak demand during the
evening hours increases significantly due to the introduction of PHEVs. During these hours mainly
peaking power plants have to be utilized in order to meet the necessary electricity demand. These
generators, for instance pump-storage hydro and gas turbine power plants, may respond rapidly to
high changes in electricity demand but their utilization comes along with high costs (in terms of
availability and per output) (Konstantin, 2007). If such increasing peaks in electricity demand due to
Uncontrolled Charging of PHEVs are to be mitigated, a shift of control over charging from PHEV
owners to electricity producers (or grid operators) would be required.
Thus, the aim of this chapter is to evaluate the impact of a massive introduction of PHEVs on the
German power generation and distribution grid and their associated costs and the various emissions,
depending on the energy mix and the charging scenario (Uncontrolled Charging, Morning Charging or
V2G).
2.5.5.1

Methodological approach

The principal aim of our study is to determine the total power generation costs and the total emissions
for both the power plants and PHEVs. Hence it is necessary to model and simulate power generation
on the supply side, and vehicle usage on the demand side. In order to model the generation
infrastructure we have developed a model that is based on Sioshansi and Denholm (2009), but which
has been adapted in various ways (for details see Mazur and Madlener, 2010). The modeling of the
vehicle usage has also been motivated by Hartmann et al. (2009), where data from the study “Mobilität
in Deutschland" (BMVBS, 2002) was utilized to describe driving patterns and to determine the hourly
capacities available. Consequently, we do not optimize the supply side (power generation) and
demand side (PHEVs) as a whole, but instead we use real driving patterns and apply them to the
power supply infrastructure in Germany. Concerning the charging patterns we will present several
scenarios including Uncontrolled Charging and Morning Charging with or without V2G.
For the data set of the net load we have made use of data from 2008 to the extent possible,
especially for the total load of the grid (ENTSOE-E, 2009) and real wind generation data (Tennet,
2010; EnBW, 2009; RWE, 2009; Vattenfall Europe Transmission, 2009).
Power generation model
An approach similar to Sioshansi and Denholm (2009) has been utilized and applied to the German
power generation infrastructure. The electric power system has been formulated as a mixed-integer
linear program (MILP). But instead of optimizing over the whole year, each hour is optimized
separately. Furthermore, it has been adapted in certain parts; e.g., we have added supplementary and
inferior consumption due to generator output increase or decrease as well as the costs that occur
accordingly. The grid operator will try to minimize all the costs that are connected to operating and
adapting the power plants, while he has to meet a set of constraints, like the requirement, that the total
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energy production supplied has to be in balance with the total load. Additionally, the impact of charging
or V2G of the PHEVs is taken into account. Furthermore, random switching-off and -on of the
generators is prohibited.
Generation Data: The energy mix in Germany consists of a variety of different power plants and
generators. Each type of plant is modeled in order to determine the power generation costs and
emissions. To simplify the approach, emissions and generation costs are defined as linearly
proportional to the output and do only depend on the absolute output of a generator.
Depending on the flexibility and generation costs, the different types of power plants are operated in
different ways (Kintner-Meyer et al., 2007; McCarthy et al., 2008):
• Nuclear plants are operated as base-load plants, as their flexibility is limited and efficiency is
highest at higher outputs;
• Coal-fired plants are operated as base-load plants as well, but have higher flexibility;
• Natural gas combined-cycle plants are utilized in both base-load and intermittent load;
• Conventional hydro-electrical plants can be utilized in base-, intermittent- and peak-load due to
their high flexibility and capability to store energy (pump-storage);
• Renewable energy generation (in our case wind energy) is flexible but subject to fluctuations
due to wind changes;
• Peaking plants (e.g. gas combustion turbines, pump-storage hydro) meet peak-load
requirements as they have high flexibility but suffer high costs.
Data concerning these power plants has been taken from the Database “Kraftwerke in Deutschland' of
the German Environment Agency (UBA, 2009) and completed with the power plants listed in the EEX
report “Transparency in Energy Markets” (EEX, 2009) and historical data concerning the wind energy
feed-in from the four German grid operators (EnBW, RWE, E.ON and Vattenfall). We have abandoned
the influence of import and export flows, as hourly data availability is limited.
Generation Capacity: Based on the generation model and data concerning the net load of 2008, an
energy generation curve was calculated, with regard to the costs of each power plant.
Generation Costs: The main purpose of electricity-producing companies is to maximize their profit;
hence they aim to maximize their revenue and to minimize their production costs. This is achieved by
the operation of generators with the lowest costs to meet the demanded load. In this section we
present the cost data applied in our simulation. There are five types of costs to be taken into account
for the cost simulation: (1) start-up costs, (2) spinning costs, (3) generation costs per MWh, (4)
ramping-up costs, and (5) slowing-down costs.
Table 12 gives an overview concerning the specific generation costs for each type of generator. In
order to simplify the calculations we have assumed linear proportionality between generation output
and generation costs. But as the fixed spinning costs do not depend on the output, a higher output
leads to lower costs per output (DTI, 2006; Giesecke et al., 2009; IEA and NEA, 2005; Konstantin,
2007; Schneider, 1998; VGB PowerTech, 2004; Wissel et al., 2008).

Generation Emissions Data:Total emissions caused by energy generation are strongly affected by the
different types of generators used. For instance, power plants fired with lignite or coal contribute to a
large extent to CO2, SO2 and NOx emissions. Based on emission data taken from GEMIS 4.2 (cf.
Fritsche, 2007; Öko-Institut, 2004), we have used the emission data depicted in Table 12.
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Table 12: Variable output costs (without capital cost) and emissions for each generated MWh depending on the energy
source (DTI, 2006; Giesecke et al., 2009; IEA and NEA, 2005; Konstantin, 2007; Schneider, 1998; VGB PowerTech, 2004;
Wissel et al., 2008; Fritsche, 2007; Öko Institut, 2004)

Variable
Generation Costs
[€/MWhel]

CO2 [kg/MWhel]

SO2 [g/MWhel]

NOx [g/MWhel]

Lignite

23

1,228

700

798

Coal

33

938

829

851

Gas

50

401

15

752

Nuclear

100

31

104

135

Hydro (run-of-river)

21

39

14

84

Hydro (pump-storage)

49

594

386

631

Wind

70

23

12

43

Type

48

For the emissions of hydro power (pump-storage) generation, the emissions rates of the energy
generation mix have been applied, as pump-storage plants are mainly charged with electricity from the
grid. With this data the emission footprint of each electric vehicle can be determined.
Vehicle user model
In the scenarios adopted we assume that the PHEVs are only connected to the grid and charged when
they are at home. In order to determine the charging and a possible V2G pattern of the PHEVs, the
data concerning the availability of these PHEVs and their stored energy for each hour of the day is
needed. Hence it is necessary to simulate the usage patterns for these PHEVs, and at what time and
how many vehicles are leaving and what the average length of their trips is.
In our study we have taken data from the “Mobilität in Deutschland” study (BMVBS, 2002) to
determine these driving patterns and especially the availability of PHEVs.
In the approach presented here, aggregated crowds of vehicles are observed instead of each
individual vehicle. In this simplified approach, only the number and the average energy storage of the
vehicles connected to the grid and vehicles on-route are known. Hence, every time a vehicle leaves
the house for a trip it has a load of

Total aggregated storage of all PHEVs connected to home grid
Total amount of vehicles connected to home grid

,

which is subtracted from the ‘Connected to Grid’ energy. These vehicles are added to the pool of
vehicles ‘Out of house’ (or en-route) and the energy (that is left after having taken the trip distance into
account) is added to the energy pool ‘Out of House’. Every time a vehicle returns to the home grid, it is
added to the ‘Connected to Grid’ pool with the average load of the vehicles which are ‘Out of house'.
Figure 39 presents the result of our modeling in terms of the total amount of vehicles connected to
the grid at home (PHEV with 12 kWh of usable storage).
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Figure 39: Amount of vehicles connected to the home grid (simulated 4,000,000 PHEV-60km) (calculations based on
BMVBS, 2002)

The vehicles are operated in all-electric mode just until their usable capacity is empty (DoD). After
having reached this point, they are operated like conventional HEV; hence the internal combustion
engine is used as well (Markel and Simpson, 2006; Short and Denholm, 2006). Both, the total
distances driven in all-electric mode and charge-sustaining (CS) mode, are recorded in order to
determine the average emission mix and charging/fuel costs of each PHEV.
With regard to the common traveling distances, vehicles with an all-electric range of 30 km (PHEV30km) and 60 km (PHEV-60km) can be categorized. Hence, based on a consumption of 0.2 kWh/km,
the battery of a PHEV-30km (PHEV-60km) has a usable capacity of 6 kWh (12 kWh). We use the
expression ‘PHEV-60km' as in the literature PHEV-60 commonly refers to a range of 60 miles. The
vehicle characteristics, which we assume in our calculations, are depicted in Table 13.
Table 13: PHEV and CV data

PHEV – (CS Mode)

Conventional Vehicle (ICE)

0.2

-

5.6 (80%)

7

g CO2/km

depends on energy mix

-

mg SO2/km

depends on energy mix

-

mg NOx/km

depends on energy mix

-

144.8 (80%)

181

Vehicles
Consumption
All-electric mode kWh/km
Fuel consumption liter/100 km
All electric emissions

Fuel emissions
g CO2/km
mg SO2/km

16 (80%)

20

mg NOx/km

240 (80%)

300

Fuel costs
Electricity €/kWh

0.20

Gasoline €/liter

1.35

1.35

14,481

14,481

Average km per year

Modeling of charging strategies: As right now public charging stations are limited in numbers and many
trips and related parking times are short, we assume that vehicle charging only occurs at home. We
distinguish three different types: (1) Uncontrolled Charging, (2) Morning Charging, and (3) Morning
Charging with V2G.
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In the Uncontrolled Charging scenario the vehicle owners have complete control over the charging
pattern. According to Kurani et al. (2007), owners of PHEVs tend to charge their vehicles whenever it
is possible. Hence in the Uncontrolled Charging Scenario we assume that the PHEV users will plug-in
their PHEVs to the grid right after having arrived back at their homes and charge their vehicles
immediately. The charging pattern and the additional net load demand strongly corresponds with the
vehicle usage distribution.
To participate in the Morning Charging scenario, the PHEV users give up their control over charging
to another actor. They still may plug-in their vehicle to the electric grid whenever they want but the
vehicle is only charged at certain hours. Assuming that electricity producers take over the control over
charging, one can imagine that they will try to avoid vehicle charging during peak hours and rather
prefer to charge these vehicles in the morning hours, when electricity demand is low otherwise.
For simplicity, we assume that to maximize the producer gains of Controlled Charging, only
charging in the morning hours will be allowed. The original net load curve is adapted with regard to the
charging process. The determined amount of energy is distributed and added to the net load curve in a
valley-filling approach. As we assume that the majority of PHEV owners want their vehicles to be fully
charged just before they commute to work, we have set the boundaries between which the charging
process occurs to 1 a.m. and 7 a.m. (the limitation of 3 kWh of ordinary sockets is taken into account).
Besides Morning Charging, the last strategy includes V2G as well. Not only are the PHEV users
allowed to charge their cars except for the morning hours, but the energy left in these vehicles is also
utilized during peak hours in order to meet high net load demands.
In the Uncontrolled Charging scenario the amount of charged energy is rather evenly distributed
over the daytime, with a peak in the evening hours when most people come home. Hence, in a time
where the energy demand is already at a high level (during cold and dark seasons) new additional net
loads appear.
In the Morning Charging scenario the charging times are switched to the morning hours, i.e. to
hours when electricity demand is at its minimum. For the case of V2G there are negative flows, as
flows of energy from the vehicles to the grid appear.
Note that the total amount of charged electricity is the highest for the Uncontrolled Charging
scenario and decreases when Morning Charging and even more so when V2G is added. Due to the
fact that PHEVs cannot be charged anymore whenever they could, trips are started more often with a
battery that is not fully charged. Less trips/distances are fully executed in all-electric mode, hence the
proportion between all-electric and CS mode shifts towards CS mode. The result is that less energy is
needed for charging, and so the total amount of generated energy decreases. In the Uncontrolled
Charging scenario the stored energy follows (with a small lag) the total amount of vehicles connected
to the distribution grid. In the Controlled Charging scenarios the energy stored in the vehicles does not
follow the amount of vehicles anymore. We assume that the electricity costs are € 0.20/kWh and
remain constant over the whole day. With regard to V2G, we assume that the amount of energy taken
from the PHEVs for V2G is recharged for free during the morning hours. Or, from another perspective:
the PHEV users have to pay € 0.20 for each kWh charged but receive a credit of € 0.20 for each kWh
utilized in V2G. However, this simplifying assumption would make V2G somehow unattractive in
reality, since the revenues do not compensate for battery deterioration.
The impact of these different charging scenarios is presented in Figure 40. One can recognize the
impact of uncontrolled-charged PHEVs (red line in Figure 40), which increases total electricity demand
in the evening hours. Furthermore, the impact of the load valley-filling Morning Charging can be
observed as well.
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Figure 40: Net load curve, by charging scenario (4,000,000 PHEV-60km)

2.5.5.2

Impact of PHEVs on generation costs and emissions

In this section we present and discuss the results of our simulations with regard to the different levels
of penetration, all-electric range of the PHEVs and the various charging scenarios. We have to keep in
mind that generation costs and emissions are compared to the electricity output (per MWhel) and not
fuel input. First of all, the results of our generation deployment model are shown and their quality
assessed. Furthermore, these results are utilized as a reference to assess the different charging
scenarios. Three levels of penetration are simulated: 400,000, 2,000,000 and 4,000,000 PHEVs or 1%,
5% and 10% of the fleet, respectively, as there are about 41.3 million passenger vehicles registered in
Germany today (KBA, 2009b).

Simulation of current state without PHEV
In order to examine the adequacy of our power generation model, we have simulated at the beginning
the generation deployment without any further influence, like PHEVs. Hence we have tried to
reproduce reality. Furthermore, the results of this simulation are utilized as a reference for assessing
the impact of different levels of diffusion of PHEVs. Like for each further case, the average generation
costs and average emissions per MWh have been determined: Generation costs of € 38.4/MWh, CO2
emissions of 611 kg/MWh, SO2 emissions of 404 g/MWh and NOx emissions of 563 g/MWh.

Generation costs and emissions with Uncontrolled Charging
First of all, we present the impact of different levels of diffusion of PHEVs on total generation emissions
and generation costs. In this first approach, we only take the case of Uncontrolled Charging into
account as it is right now common in Germany, and discuss its effects. The higher the penetration of
PHEV is, the higher is the electricity demand for recharging the vehicles. Due to this higher energy
demand and the necessity to utilize costly peaking plants in order to meet the demand, the average
generation costs increase.
Figure 40 illustrates the additional demand for energy over the day. Especially from midday on and
in the evening hours the number of vehicles returning home is high. The vehicles will be in general
plugged-in immediately after they come home, for instance, from work or from shopping. It can also be
observed that during the morning hours, when demand is relatively low, the impact of Uncontrolled
Charging is also low. Hence to meet the higher demands, the deployment of new base-load plants by
the electricity producers is insufficient, as the minimum load in the morning hours does not increase
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significantly; the construction of new peaking plants would be necessary (or an implementation of other
electricity storage facilities).
The impact on average emissions is small, as gas turbines (GT) and pump-storage plants are
mainly used to meet the higher peak demands. GT do not significantly raise the average emissions,
and pump-storage plants are valued with the average emissions, as they are mainly recharged with
energy from the grid.

Shifting control over charging to electricity producers
We present here to what extent adapted charging time patterns and especially V2G have an influence
on both the generation costs and generation emissions. Instead of constructing new power plants,
electricity producers might be interested in changing the charging times to increase the utilization ratio
of their existing plants (so-called Demand Side Management – DSM). In this case we speak of
Controlled Charging.
To avoid an increase of peak demand during the afternoon, the charging of all vehicles during the
morning hours might be economically attractive (Morning Charging Scenario). Additionally, the energy
left in the vehicles connected to the grid might be used for meeting peak demand, and perhaps not to
deploy the most expensive peaking plants.
Figure 40 illustrates to what extent the demand curve may be influenced by the utilization of
Morning Charging, on the one hand, and Morning Charging with additional V2G, on the other hand. For
Morning Charging the demand is switched to the morning hours and with additional V2G the peak
loads are decreased.
In the following subsections we present the impact of the changed net load on both the average
emission costs and generation emissions. A shift to Controlled Charging decreases the total required
amount of electricity needed by PHEVs.
Generation costs with regard to charging scenarios
Table 14 presents the impact of different charging strategies on the electricity generation costs for
each level of diffusion. No matter what type of range, as the electricity producers take over the control
over charging, the average generation costs per MWh decrease. In the case of a diffusion of 4,000,000
PHEV-30km, the average power generation cost is € 38.69/MWh for Uncontrolled Charging,
€ 38.03/MWh for Morning Charging and € 37.89/MWh for Morning Charging and V2G. Not only are
they lower to the generation costs of the Uncontrolled Charging scenario, but they are also lower than
the costs in the case where no PHEVs are available (€ 38.4/MWh). Hence, the electricity producers
can take advantage of the diffusion of PHEVs, but only in the case where they have control over
charging times. This effect is even increased if V2G is applied and even more so when PHEV-60km
are utilized in our simulation.
As said before in the introduction, the utilization of PHEVs as storage facilities for excess energy
during the morning hours can bring huge benefits for the electricity producers, which may avoid the
allocation of plants for peak hours. Concerning the penetration we can observe that a higher number of
PHEVs increases the effects described above.
In the Uncontrolled Charging case the electricity producers are forced to meet higher net load
demand, especially during peak hours. To meet these demands, so-called peaking plants have to be
put into operation. Due to their high spinning, output and ramping costs the total average generation
costs per MWh increase significantly.
Already the shift of the charging times towards the morning hours has a severe impact on the net
load curve, which leads to lower average generation cost. First of all, the higher demand during peak
times is limited; hence the use of peaking plants decreases.
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Table 14: Generation costs depending on charging control and PHEV diffusion

Power generation costs [€/MWh]
Charging Scenario
no. of PHEVs
0%
No PHEVs
PHEV30km

PHEV60km

No PHEVs

Uncontrolled
Charging

Morning
Charging

Morning
Charging
and V2G

38.40

-

-

-

400,000 (1%)

-

38.43

38.31

38.29

2,000,000 (5%)

-

38.54

38.18

38.12

4,000,000 (10%)

-

38.69

38.03

37.89

400,000 (1%)

-

38.44

38.30

38.22

2,000,000 (5%)

-

38.58

38.10

37.81

4,000,000 (10%)

-

38.75

37.88

37.49

Furthermore, low volatile plants, such as coal-fired thermal power plants, do not have to be throttled
down and later ramped-up again; a process which is accompanied by high fuel consumption during the
ramping-up. Table 15 shows the percentage change in the deployment of generators of different kinds
for a diffusion of 4 million PHEVs. Furthermore, the relative difference of the total output for each type
of power plant in comparison to the Basic Scenario (PHEV penetration of 0%) is given.
As said before, the share of coal generation in the total energy output increases as the charging
times are shifted to the morning hours. Avoiding charging in the afternoon leads to a lower use of both
types of peaking plants, gas-turbine plants and pump-storage plants. We have to emphasize that the
introduction of PHEVs even leads to a lower use of peaking plants in comparison to the case where no
PHEVs exist. This can be explained by the ramping speed of coal-fired plants. As the coal plants may
operate more continuously on a higher level, less volatile power plants which were necessary to meet
fast ramping speeds in the morning hours are deployed. V2G aggravates this effect as it decreases
peak load and increases the minimum load and smoothens the entire net load curve. Here we can
clearly see the advantage of using PHEV batteries for the storage of grid energy and V2G.

Table 15: Deployment of generator types depending on charging scenario in comparison to the case where no PHEVs
exist (4,000,000 PHEV-60km)

Deployment of generator types
Charging Scenario
Generator
Type
Lignite

Basic Scenario
(No PHEVs)

Uncontrolled
Charging

Morning Charging

Morning Charging
and V2G

Distribution of Distribution Change in Distribution Change in Distribution Change in
total output
total output total output total output total output total output total output
26.1%

25.7%

0%

25.7%

0%

25.8%

Nuclear

25.5%

Coal

21.7%

25.1%

0%

21.8%

+1.9%

Gas / Oil
Hydro
(run-of-river)
Hydro
(pump-storage)
Wind Power

14.9%

15.4%

2.2%

0%

25.2%

0%

25.2%

0%

24.1%

+12.5%

25.1%

+16.9%

+4.5%

13.7%

-6.6%

13.2%

-10.7%

2.1%

+0.1%

2.1%

-1.7%

2.1%

-0.8%

2.9%

3.2%

+14.8%

2.4%

-13.6%

1.9%

-33.5%

6.7%

6.7%

+0.2%

6.7%

+1.4%

6.7%

+1.3%


At this point we have to keep in mind that only the average generation costs have been observed in
this chapter so far. But to assess the utility of PHEVs and of the different charging strategies for the
energy producers, the revenues have to be taken into account as well. For instance, in the Morning
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Charging (with or without V2G): as the PHEV users may not charge their vehicles whenever they want
to, they are more often forced to utilize their PHEVs in CS mode instead of in the all-electric mode;
hence they cannot take full advantage of a full battery. As a result the ratio of driven kilometers in allelectric to CS mode moves towards CS mode. In other words, the electricity producer sells less
electricity to the PHEV owners. In a later section this loss of revenue is compared to the gain due to
saved generation costs, where we address PHEV owner compensation for lost utility due to the loss of
charging freedom.

Generation emissions with regard to charging scenario
In this section we deal with the impact on average emissions per produced MWhel; focusing especially
on CO2, SO2 and NOx emissions. In the previous section we have shown that a shift of control over
charging to the electricity producers decreases their generation costs. However, the changed
deployment of generation leads to a significant change in emissions.
As presented above, the impact of Uncontrolled Charging is low. In comparison to the Uncontrolled
Charging scenario, in the Controlled Charging scenarios the emissions increase, especially for CO2
and SO2. This can be explained by the higher rate of utilization of emission-intensive coal-fired power
plants (see Table 16), which are used more intensively. In the Morning Charging scenario (with or
without V2G) they substitute gas-powered plants and pump-storage plants. Further reasons have
already been provided in an earlier section. A higher diffusion of PHEVs increases this effect.

Table 16: Impact of PHEV diffusion and charging scenario on average electricity generation emissions

Average emissions per 1 MWh electricity generation output
Uncontrolled
Charging

Result
no. of PHEVs

Morning Charging

Morning Charging
and V2G

CO2
SO2
NOx
CO2
SO2
NOx
CO2
SO2
NOx
kg/MWh g/MWh g/MWh kg/MWh g/MWh g/MWh kg/MWh g/MWh g/MWh

No PHEVs

0

612

404

563

-

-

-

-

-

-

400,000

612

404

563

613

406

563

613

406

563

PHEV30km

2,000,000

612

404

564

616

410

565

617

411

565

4,000,000

612

403

565

620

415

567

621

418

567

400,000

612

404

563

613

406

563

615

408

563

2,000,000

612

403

564

618

413

566

622

418

567

4,000,000

612

403

564

622

419

568

627

425

569

PHEV60km


Conclusions on PHEVs impact on power generation costs and emissions
The diffusion of PHEVs leads to higher electricity demand. If these PHEVs are charged without any
control, the net load curve is shifted upwards; there is higher electricity demand especially in afternoon
peaking times (trip with PHEV back from work). If no new base-load power plants are constructed,
these high demands have to be met by peaking plants or imported, both are rather cost-intensive
measures. The application of different charging patterns or times, like Morning Charging and V2G,
might resolve this problem to a certain extent, for instance when the new evolving electricity demand of
the PHEV owners is shifted to other hours – especially to hours with a low net load. As a result,
average generation costs may be lowered even below those where no PHEVs exist. Concerning the
average emissions per output, we find that due to the German energy mix, which relies to 50% on
lignite and coal-fired plants, the emissions can increase. Due to a smoothed net load curve high
emitting coal power plants can be used more continuously at a higher output level. Hence, when
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assessing the emissions per driven kilometer by a PHEV, the electricity CO2 footprint has to be taken
into account as well.
We will deal with this subject in a later section, where we will show the impact of the different
charging scenarios on both, the fuel/energy costs and emissions of a PHEV.
Note that in our calculations the capacity factors have not been adapted with regard to the different
scenarios. In reality, the factors of certain base-load plants should be higher for Controlled Charging
scenarios, as these plants may run on a continuous level. Hence the effects we have described above
are conservative estimates, and can be expected to be even more pronounced in reality.
2.5.5.3

Impact of charging on PHEV costs and emissions

In this section we present the findings from our simulations concerning the PHEVs; especially
concerning their fuel costs and direct and indirect emissions.
Reference case: Conventional vehicle with ICE
In our simulations, vehicles run on average 14,480 km per year. Assuming the conditions given
previously in Table 13, the total fuel cost of a conventional vehicle with an internal combustion engine
(ICE) are about € 1,368/a. The ICE vehicle is used as a reference for the assessment of the different
charging strategies.

PHEV emissions with regard to charging scenario
At present, in Germany owners of PHEVs may charge their vehicles whenever they want to; they are
not limited in their decision concerning the time-of-day of charging. Therefore, this Uncontrolled
Charging scenario will be taken as a reference to assess the impact of shifting the control over
charging to electricity producers. For each level of penetration and PHEV range we have determined
and analyzed the impact of the different charging scenarios on the utilization of PHEVs.
Table 17 gives an overview of all emission data for PHEV-60km with a penetration of about 10%
with regard to the different charging scenarios. For each charging scenario three types of information
are listed. In the case A.1 (see Table 17) emissions for both vehicle driving modes are listed: For a trip
of one kilometer, driven entirely in all-electric mode (i.e. the emissions are directly derived from the
calculated energy mix of the generation simulation), and for a trip of one kilometer only in CS mode
(HEV-like behavior). We can see immediately that the environmental gain of a PHEV is not as high as
one would expect. For instance, in a scenario where Uncontrolled Charging is common (see Table 17,
left column) and PHEVs are charged from the grid, supplied by the German energy mix, the emissions
of CO2 for one kilometer are not much lower than emissions of a conventional HEV. Furthermore, the
utilization of the all-electric mode, if recharged from the German grid, leads to much higher SO2
emissions, even in comparison to a conventional ICE vehicle. As presented before, the average CO2
and SO2 generation emissions are affected by Controlled Charging. Hence, as a result, the emissions
arising per driven grid-charged all-electric kilometer increase, too.
In contrast to the first part (Table 17, A.1), where emissions are listed for each mode separately, the
last part (Table 17, A.3) takes the driving pattern of the PHEVs into account. Depending on the
charging scenario applied, the distances driven in all-electric or CS mode differ. The second row
(Table 17, A.2) presents the repartition with regard to the charging scenario. For instance, in the case
of Uncontrolled Charging, trips are more often launched with a PHEV fully loaded; hence the ratio of
traveling in all-electric mode is higher than in the case of Controlled Charging.
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Table 17: Specific PHEV emissions for PHEV-60km with a diffusion of 4,000,000 vehicles

Finally, part A.3 is derived from A.1 and A.2: the emission footprint of a PHEV. The repartition of the
driving modes and the emissions depending on the generation deployment is combined in order to
determine average PHEV emissions for one ‘typical’ kilometer driven. Controlled Charging leads to
higher CO2 emissions, due to two effects. First, the average generation emissions for energy from the
grid are increased by Controlled Charging. Second, the number of kilometers driven in CS mode has
increased. Nevertheless, although generators' SO2 emissions increase in the case of Controlled
Charging, the average PHEV SO2 emissions decrease due to lower SO2 emissions in CS mode.

Table 18: PHEV emissions per kilometer depending on diffusion and control over charging

Average PHEV emission per 1 km
Uncontrolled
Charging

Result

PHEV30km

PHEV60km

Morning Charging

Morning Charging
and V2G

no. of PHEVs

CO2
g/km

SO2
mg/km

NOx
mg/km

CO2
g/km

SO2
mg/km

NOx
mg/km

CO2
g/km

SO2
mg/km

NOx
mg/km

400,000

131.1

55.6

162.2

134.2

47.0

179.4

134.9

45.2

183.1

2,000,000

131.1

55.5

162.3

134.5

47.4

179.5

135.2

45.7

183.0

4,000,000

131.1

55.4

162.4

134.9

48.0

179.6

135.6

46.4

183.1

400,000

127.5

66.1

141.5

129.2

62.0

150.3

130.8

57.8

158.8

2,000,000

127.4

66.0

141.6

129.8

62.9

150.6

131.7

59.5

158.6

4,000,000

127.4

66.0

141.8

130.5

63.8

150.9

132.4

60.1

159.5


For Uncontrolled Charging, a higher diffusion does not affect emissions very much, as the PHEVs are
charged continuously. The reason is that the utilization of all power plants at all times increases
equally. However, for Controlled Charging, the effects of each Charging Scenario are increased with a
rising diffusion. PHEV-60km vehicle's emission footprint depends more strongly on the average
generation emissions because it relies to a larger extent on electricity provided by the grid.
PHEV cost by charging scenario
After having presented the impact on PHEV emissions, we focus in this section on the driving costs.
For a diffusion of 4,000,000 PHEV-60km, we have determined the average costs depicted in Table 19.
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Table 19: Ratio between all-electric and CS mode depending on control over charging in the case of 4,000,000 PHEV60km


First of all, one can identify that the annual fuel costs of a PHEV are about € 696 for Uncontrolled
Charging; hence less than about half of those of an ICE vehicle (€ 1,368). Approximately 11,202 km
(77%) were driven in all-electric and 3,278 km (23%) in CS mode. As this split changes in dependence
of the charging scenario and decreases the ratio of the distance driven in all-electric mode, the total
fuel costs increase. More kilometers have to be traveled in CS Mode, which requires more fossil fuel,
whose cost per kilometer is more elevated than the costs of the grid energy required. The introduction
of Controlled Charging leads on average to a loss of utility for a PHEV owner. Electricity producers
seeking to take over control over charging would have to compensate at least this loss, in order to give
an incentive to the PHEV owners to give up their control over charging, especially over charging times
(see Table 20).

Table 20: Annual fuel costs of PHEVs with regard to range and charging scenario

Average annual fuel costs for 14,480 km (electricity and petrol)
Uncontrolled
Charging

Morning Charging

Morning Charging
and V2G

Annual Fuel Cost
€/a

Annual Fuel Cost
€/a

Annual Fuel Cost
€/a

PHEV-30km

780

849

863

PHEV-60km

696

731

766

Conclusions on PHEV costs and emissions analysis
Whether a PHEV is ‘clean’ or not strongly depends on the country's energy mix. We have shown that
PHEVs charged in Germany are, on average, not much ‘greener’ than fuel-efficient ICE vehicles.
However, the economic advantage of PHEVs in terms of fuel costs saved is evident.
We presented the interest and advantages of electricity providers by taking over the control over
charging, especially due to lowered peak demands and lower generation costs. But shifting the control
over charging to the electricity producers has an impact on both the PHEV emissions but as well on
the PHEV's fuel costs. CO2 emissions are increased, due to more coal-fired plants deployed as power
generators, and also due to more kilometers driven in CS mode. Additionally, PHEV owners have to
deal with higher fuel costs as the ratio of driven kilometers in all-electric mode decreases.
To ensure that PHEV owners will give up their control over charging, electricity producers have to
provide a financial incentive to these users. The following section presents a brief discussion on how to
determine this value.

75

2.5.5.4

Incentives for Controlled Charging and V2G

Controlled charging and V2G may lead to utility losses for the PHEV owners, as the users cannot take
full advantage of the all-electric mode. Due to the fact that the PHEVs are more often forced to be
operated in CS mode instead of all-electric mode, total fuel costs increase. Hence in this section we
present what is necessary to compensate PHEV users giving up their freedom concerning their
charging patterns. On the one hand, we determine an average annual monetary compensation for the
Controlled Charging scenarios, which has to be paid to the PHEV users in order to make them give up
their freedom. On the other hand, we derive the average compensation sum from the average annual
gains that the electricity providers receive. With a diffusion of 4,000,000 PHEV-60km, Morning
Charging leads to an increase in fuel costs by € 35 on average for each PHEV in comparison to
Uncontrolled Charging, whereas Morning Charging and V2G lead to an increase by € 70. These are
the average fees that the electricity operators have to pay to provide an incentive to PHEV owners to
give up their control over charging. We consider these in our further reflections as the minimum sums
to be paid.
With the help of Controlled Charging, electricity producers have lowered their total generation costs
in comparison to the Uncontrolled Charging scenario. Nevertheless, as the PHEV owners cannot
recharge their vehicles whenever they want to, the amount of kilometers driven in CS mode has
increased and the amount of energy charged has decreased. In other words, the electricity producers
sell less electricity to the PHEV owners (per € 0.2/kWh). Based on these findings we have calculated
the average profit per PHEV participating in Controlled Charging. We consider these in our further
reflections as the maximal sums which may be paid to PHEV owners.
Both values, the financial loss of the PHEV owner and the utility gain of the electricity producers,
give the margins for a possible compensation. Hence in the case of Morning Charging and 4,000,000
PHEV-60km, the electricity producers have to offer, on average, at least € 35 per year up to nearly
€ 100 per year.
Table 21 presents the results from all simulations. First of all, the average utility for the electricity
producer for each PHEV declines with a higher diffusion. This can be explained by the fact that already
a small amount of vehicles is sufficient to eliminate high peak demands and to enable coal-fired plants
to run continuously. We have not determined the optimal amount of PHEVs participating in Controlled
Charging to maximize the gain per vehicle so far. Consider the results of Table 21 an optimal number
of PHEV-30km should be found between 400,000 and 2,000,000; at the intersection point where the
marginal compensation sum paid per PHEV is equal to the marginal utility for the electricity producer.
Another point worth mentioning is that in the case of PHEVs with a smaller capacity (PHEV-30km)
the additional annual fuel costs exceed the additional fuel costs of PHEV-60km. PHEV-60km have a
larger energy storage capacity. So, although they cannot be recharged at any time (e.g. Morning
Charging), they should still have enough stored energy to undertake several short trips. Their utility for
the electricity producers is limited as well. This is the reason why there is a point where further PHEV30km participating in Controlled Charging is not optimal. For example, for a penetration of 4,000,000
PHEV-30km, the electricity producers have savings of € 36 per vehicle in the Morning Charging
scenario, but each PHEV would have to be compensated on average with € 69.
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Table 21: Additional fuel costs per PHEV and additional utility per PHEV depending on diffusion, range and Controlled
Charging scenario

2.5.5.5

Impact of the energy mix

In this section we want to discuss the impact of a changing energy mix on the results found so far. To
shorten our workload, we have taken the generation model developed for Germany and only adapted
the relations between the different types of power plants, depending on the observed scenario. We
continue to use the net loads and wind generation data of 2008 but adapt these as well. In other
words, we apply the energy mix of another country on the German demand curve. Nevertheless, the
goal of this section is to provide a short qualitative description of these impacts.
German energy mix in 2020 without nuclear power
At the time we conducted this study, the German policy targets included a phase-out of nuclear power
plants in the coming years. It is foreseen that the last nuclear power plant would be switched off by
2023. So, even though the lately discussed energy concept (BMWi and BMU, 2010) of the German
government plans to prolongate the operating times of nuclear power plants, the results of our
simulations of a nearly nuclear-free energy mix are discussed in the following.
To compensate for the loss of capacity due to the nuclear phase-out, additionally to the diffusion of
renewable energy sources, new coal-fired plants would have to be constructed. Based on forecasts for
the year 2020 (Bundesnetzagentur, 2009; BEE, 2009), we have assumed and defined the generation
capacities, where only one nuclear power plant is left.
In sum, the majority of nuclear power plants will be shut down, the ratio of renewable energies,
especially of wind power, will increase drastically and some new coal and gas power plants will be put
into service (Leuscher, 2009). With an energy mix that contains nearly no nuclear power plants, the
average generation emissions increase (see Table 22(a)). However, as the ratio of wind power is
expected to increase as well, this increase in emissions is limited especially for SO2. Concerning
PHEV CO2emissions (see Table 22(b)) we can observe that changing charging scenarios do not effect
average vehicle emissions as much as before. In the original scenario the charging scenarios led to an
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increase in deployment of coal-fired power plants in comparison to gas and especially nuclear power.
This led to an increase in average emissions. Without nuclear power, this effect is smaller. But in
summary, the average vehicle emissions do indeed increase.

Table 22: Impact of phasing out of nuclear power in Germany on (a) generation emissions and (b) PHEV emissions for
4,000,000 PHEV-60km (year 2020)

(a) Average emissions per 1 MWh electricity generation output
Uncontrolled
Charging

Current German
energy mix
German energy mix
in 2020 without
nuclear power

Morning Charging

Morning Charging
and V2G

CO2
kg/MWh

SO2
g/MWh

NOx
g/MWh

CO2
kg/MWh

SO2
g/MWh

NOx
g/MWh

CO2
kg/MWh

SO2
g/MWh

NOx
g/MWh

611

403

565

622

419

568

627

425

569

670

423

638

674

428

639

674

428

639

(b) Average PHEV emissions per kilometer
Uncontrolled
Charging

Current German
energy mix
German energy mix
in 2020 without
nuclear power

Morning Charging

Morning Charging
and V2G

CO2
g/km

SO2
mg/km

NOx
mg/km

CO2
g/km

SO2
mg/km

NOx
mg/km

CO2
g/km

SO2
mg/km

NOx
mg/km

127.4

66.0

141.8

130.5

63.8

150.9

132.4

60.1

159.5

136.5

69.1

153.0

137.7

65.1

160.9

138.4

60.5

168.4

The utility of Controlled Charging with regard to average generation costs per MWh seems to be
similar to the current energy mix (Table 23). Controlled Charging leads here as well to a lower use of
peaking plants.



Table 23: Impact of phasing out of nuclear power in Germany on power generation costs (year 2020) for 4,000,000
PHEV-60km

Average generation costs per 1 MWh electricity generation output [€]

Current German
energy mix
German energy mix
in 2020 without
nuclear power

Uncontrolled
Charging

Morning Charging

Morning Charging
and V2G

38.75

37.88

37.49

43.20

42.36

41.98

Applying the French energy mix in power generation
France has a rather unique power generation mix as it mainly relies on nuclear power. In 2008, some
76% of the electricity was generated by nuclear power, whereas only 10% came from other thermal
power plants (mainly coal- and gas-fired) and 12% from hydro-electricity. Furthermore, wind power and
photovoltaics contributed no more than 1% to the total electricity production (MEEDDM, 2008). In
terms of installed capacity, France's electricity producers operate an electricity generation mix that
consists of 55% nuclear, 22% conventional fossil fuel combustion, and 22% hydro-electric power
plants (MEEDDM, 2008).

78

First of all, the average generation emissions are markedly lower than in the original German
electricity mix (see Table 24(a)). However, the impact of Controlled Charging on CO2 emissions is
more significant. Due to the fact that now the emissions in CS mode play a more important role, a
decrease in the kilometers driven in all-electric mode has a stronger effect (see Table 24(b)).
Table 24: Impact of high nuclear power diffusion on generation emissions (French energy mix) for 4,000,000 PHEV60km

(a) Average emissions per 1 MWh electricity generation output
Uncontrolled
Charging

Morning Charging

Morning Charging
and V2G

CO2
kg/MWh

SO2
g/MWh

NOx
g/MWh

CO2
kg/MWh

SO2
g/MWh

NOx
g/MWh

CO2
kg/MWh

SO2
g/MWh

NOx
g/MWh

Current German
energy mix

611

403

565

622

419

568

627

425

569

Germany with French
energy mix

107

131

207

114

140

210

116

144

210

(b) Average PHEV emissions per kilometer
Uncontrolled
Charging

Morning Charging

Morning Charging
and V2G

CO2
g/km

SO2
mg/km

NOx
mg/km

CO2
g/km

SO2
mg/km

NOx
mg/km

CO2
g/km

SO2
mg/km

NOx
mg/km

Current German
energy mix

127.4

66.0

141.8

130.5

63.8

150.9

132.4

60.1

159.5

Germany with French
energy mix

49.4

23.9

86.3

58.8

24.5

100.4

67.3

24.2

113.6

Conclusions from altering the energy mix
We have shown how our findings are affected by a changing energy mix. A German power generation
mix without nuclear power and an infrastructure that relies to a large extent on nuclear power have
been presented. In both cases, Controlled Charging leads to a decrease in average generation costs.
However, as the ratio of driven kilometers in all-electric mode decreases when Controlled Charging is
applied, average PHEV emissions increase. The extent by which these emissions increase depends
on the energy mix (see Figure 41). This increase is the highest in the case of a French energy mix,
where the difference between all-electric mode emissions and CS mode emissions is the highest.
Nevertheless, the total PHEV emissions are lower, as the overall electricity generation emissions are
also very low (due to the high use of nuclear power).
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Figure 41: Impact of Charging Control on PHEV’s CO2 emissions with regard to the energy mix (annual average CO2
emissions per PHEV for 14481 km)

2.5.5.6

Conclusions

on and the impact of
In this chapter we have presented and discussed the impact of PHEV diffusio
different charging scenarios on power generation and PHEV emissions and costs..
For the analytical framework used, we have taken data and assumptions fo
or Germany. With its
current energy mix the environm
mental gain is limited as the German electricity generation
g
relies to a
large extent on hard coal and lignite. In particular, a high diffusion of PHEV
Vs without controlled
charging leads to higher peak demands and, therefore, to higher generation costs, as expensive
peaking plants have to be utilized
d. The difference between base- and peak-load in
ncreases significantly.
In this case the construction of new base-load capacities does not resolve this challenge. Shifting
control over charging times to the
e electricity producers would solve this problem, as charging could be
shifted to hours with low demand
ds. A better utilization of base-load plants and a decrease
d
in the use of
peaking plants would decrease average
a
generation costs. However, as coal and lignite are used for
base-load generation their utilizattion would increase. As a result, the average emissions will increase.
PHEV emissions directly de
epend on a country's energy mix. With the cu
urrent energy mix in
Germany, PHEV emissions are not lower than emissions of some ‘low consum
mption’ vehicles. With
regard to SO2, PHEVs do emit more than conventional vehicles. This differencce will be even more
pronounced if nuclear power is replaced
r
by coal. In comparison to this, a Frencch energy mix, where
nuclear power dominates, the em
mission footprint of a PHEV is excellent. Howeverr, Controlled Charging
in this case leads to the highest relative
r
increase in emissions.
To sum up, the introduction and
a
high penetration of PHEVs will be a big ch
hallenge for electricity
producers, as they will be faced with
w higher electricity demand, especially in hourrs where already high
energy demands occur, causin
ng high generation costs. A shift from Uncontrolled Charging to
Controlled Charging would ameliorate this problem, but would require that PHEV owners participate in
Controlled Charging. Neverthele
ess, with the given electricity generation infra
astructure, Controlled
Charging leads to an increase in
n PHEV emissions, as high emitting plants are used
u
more intensively
and the ratio of driven kilometerss in CS (instead of all-electric) mode will increase
e. This effect might be
even more significant, as we can assume that people owning a PHEV and expecting low emissions will
use their vehicles more often (forr a discussion of the so-called ‘rebound effect’ see
e e.g. Greening et al.,
2000; Sorrell et al., 2009). To cu
ut these emissions, a change in the German energy mix is necessary,
especially towards cleaner powerr sources. However, in our simulation of Controlle
ed/Morning Charging,
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PHEVs were mainly charged with electricity from base-load plants, like hard coal- and lignite-fired
power plants. In our analysis we did not study the potential to store excess wind power. A high
diffusion of PHEVs would supply the electric grid with an instrument to store energy from this
renewable source, and hence would offer the possibility to react on the high volatility of renewable
energy sources and take full advantage of their potential.

2.6

Business models and consumer needs

To spare the consumers of high purchase prices and to achieve a widespread use of PHEV
technology, specific business models for their operation and sale are necessary. These should, if
possible, reap the benefits and opportunities of the PHEVs to offset their upfront costs and ultimately
make them competitive. The potential for new business models regarding V2G services were dealt
5
with in the previous chapter. In the following, we focus on possible future sales models and their
usage of these V2G revenues and their impact on the various market actors. Prior to that, we define
the term business model.
2.6.1

Business / sales models

The business environment in which companies find themselves in today's world is characterized by
often fierce competition and rapidly changing and increasingly uncertain boundary conditions. These
circumstances make business decisions a difficult and complicated task. Business models, therefore,
should simplify the complex reality and thus help to understand, plan and predict the impact of various
business activities in the future (Osterwalder, 2004; Stähler, 2002; Petrovic et al., 2001; Gordijn and
Akkermans, 2001). A definition of a business model has been provided by Osterwalder:
“A business model is a conceptual tool that contains a set of elements and their relationships and
allows expressing a company's logic of earning money. It is a description of the value a company
offers to one or several segments of customers and the architecture of the firm and its network of
partners for creating, marketing and delivering this value and relationship capital, in order to generate
profitable and sustainable revenue streams.” (Osterwalder, 2004).
2.6.1.1

Financing and leasing

The sales models financing and leasing are probably the most widely used today, since they alone
offer the advantage of dispersing the high purchase price of a vehicle over the entire contract period.
Additionally, the leasing approach is interesting, because the lessor (e.g. automobile dealers with inhouse financing and leasing loans) remains the beneficial owner of the vehicle including the battery.
Thus, theoretically, owners could use it for V2G applications and generate earnings beyond the sales
margin and interest incomes.
The advantages and possibilities of PHEVs mentioned above, such as the continuous generation of
revenues in the form of cost savings or V2G profits, could possibly offset the annual costs caused by
the increased purchase price of the vehicle. In addition, if the financing or leasing model is interest-

5

The following results regarding the applicability of different sales and marketing models and their possible benefits for the
various market actors are based on Schild (2009).
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free, the opportunity costs of foregone interest income are omitted or at least reduced, when partially
priced-in by the seller. Thus, the annual burden is shrinking and the monetary advantage is increasing.
2.6.1.2

Battery-leasing

In addition to the conventional leasing of the entire vehicle the idea to lease only the battery may be
attractive, since the battery is the most expensive single part of a PHEV. This would lead to a
distribution of the high battery costs over several periods and thus diminish the barriers for vehicle
purchase, comparable to the leasing model in the previous chapter.
This variant of leasing models, however, allows for more flexibility regarding the purchase of the
remaining vehicle, because it can be handled independently from the battery-leasing. For example, in
a trial project in Europe battery-leasing increased the vehicle sales dramatically compared to the fullleasing approach (EPRI, 2004).
Additionally, battery-leasing has the advantage of a greater flexibility with regard to the intensity of
use. For instance, a ranking regarding the performance level of the battery could allow further
differentiation of the leasing rates. Batteries that allow for higher discharge power can provide more
driving pleasure. But since these will unload faster this might lead to an increase in the amount of
charging cycles, which are the ultimate decisive factor of battery lifetime. In addition, the thermal load
of the components increases with higher power at stable voltage levels. Thus, a shortening of the
durability of the electronic battery components would be likely. Put differently, since less dynamic
battery settings could extend battery durability, they would have a higher worthiness after one year of
usage compared to highly stressed batteries. This in turn would allow for lower leasing rates, which
could attract a wider range of potential adapters.
2.6.1.3

Mileage tariff

In a mileage tariff model, consumers purchase amounts of driving distance similar to the mobile
telephone industry, where consumers purchase minutes of airtime, based on an infrastructure for
charging (and/or changing) vehicle batteries. Access to infrastructure and in some cases even the
costs of the vehicle may be priced-in in this tariff (Better Place Inc., 2009). Through this approach, the
upfront vehicle costs are divided into monthly fees, which could in turn attract a wider audience of
potential PHEV buyers. The typical monthly cost of the Better Place mileage tariff is planned to amount
to $ 550 or € 420 for 1,500 miles ($ 6,600 for 18,000 miles per year) (Squatriglia, 2008). Calculations
of the Deutsche Bank show that the mobility costs would only sum up to € 0.035/km, including
electricity and depreciation costs of the battery (Squatriglia, 2008). Even though this value appears
fairly low in the light of about € 0.04/km of energy costs, it gives an idea of the share of the monthly fee
Better Place could use for the construction of a charging infrastructure, the procurement of batteries
and other fixed costs. Additionally, Better Place also plans to use the vehicle batteries for V2G
services, and thus the generation of additional income, and for the temporary storage of regenerative
energy.
So, although the monthly fee of about € 420 is comparable to leasing rates for vehicles of the
middle class and thus more or less costly, these costs could be more acceptable compared to
conventional vehicles, since the PHEVs and electric vehicles could in principle be charged with
emission-free electricity and thus contribute to the environmentally friendly image of the early PHEV
adopters.
A further possibility in this type of business model is a billing scheme on a temporary basis instead
of mileage. In other words, it is comparable to the mileage tariff – only the utilized capacity will be
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accounted – but in this case the traveling time in minutes determines the monthly fee. However, the
difference between both tariffs would be that the traveling time tariff could lead to an increase in energy
consumption, because the costs of a trip could be reduced by increasing the velocity and a less
economical driving behavior. This could be a disincentive for the user and lead to inefficient driving.
Though the mileage tariff does not induce vehicle drivers to conserve resources, it is at least not
relevant whether a trip was completed quickly or slowly, so that the driving style is a behavioral
decision and not an economic one.
2.6.1.4

Sharing of profits of V2G services

The opportunities to use PHEVs for V2G services in the electricity sector presented in previous
chapters lead to a wide range of models for the distribution of these gains between market actors. As
described before, these gains arise directly for the owner of the vehicle or can be paid to him by a third
party. Additionally, these gains could be skimmed at least in part by the market actors who provide the
infrastructure that allows the vehicles to participate in the V2G market. The vehicle owner then only
gets a share of the profits from the applied V2G models, which at least should cover the deterioration
costs of the battery. The infrastructure manager could integrate these benefits in the core business of
the company through appropriate discount and bonus programs to increase customer retention.
Alternatively, companies could build new competencies and a new customer base. Through means of
monitoring of the parking behavior of PHEV adopters, the average available energy per vehicle and the
average vehicle availability could be estimated after a certain time period. Thereby, the profit potentials
of the business models could be further increased, since statistically assured quantities could be
offered compared to quantities only available sporadically, so that some uncertainty components would
be deleted.
An example where the owner of the infrastructure and the owners of the vehicles would both profit
from the utilization of PHEVs for V2G services is a company that provides its employees with free
parking space, equipped with charging stations, and in turn gets a share of the V2G revenues. This
share could offset the construction costs of the parking area, leaving both sides better off. Another
example of profit-sharing is a ‘parking space power plant’, where a car rental company could use rental
cars that are parked at an airport for V2G services and thereby generating additional income. This
additional revenue could smoothen the seasonal and weekly demand fluctuations and allow a more
intensive use of capital. Furthermore, it would offer the possibility to give the PHEV adopters more
affordable and attractive rental terms (Williams and Kurani, 2006).
In principle, these examples describe the benefits which aggregators – market participants that
summarize a large number of vehicles for V2G services and distribute the profits in part to the
individual vehicle owners – could reap regarding V2G services. The role of aggregators is described in
more detail in a later chapter.
2.6.2

Market participants

Besides the numerous business and marketing models, the application of these models by the different
market participants is interesting as well. For the various actors in the market these models are not
equally beneficial. In the following, we will first identify the characteristics of the various market
participants and, second, we will screen the applicability of each model for every single market actor.

83

2.6.2.1

Consumers / vehicle owners

The consumer is probably the most obvious participant in the market for PHEVs and electric vehicles.
End users represent the lowest link of the value chain and are characterized by relatively low liquidity.
They typically do not operate vehicle fleets and therefore will not achieve economies of scale. This
means that from the beginning they are paying the highest transaction costs per unit of revenue.
However, besides the firms with company cars, consumers are the only market players who can
benefit from the mobility produced by the vehicle and the cost advantage of PHEVs compared to
conventional vehicles with internal combustion engine.
To use electric vehicles each consumer has to provide individually parking area with the necessary
charging infrastructure. In addition, each consumer, who wants to take part in V2G markets is forced to
negotiate and close a contract with the network operators or other aggregators and to ensure proper
billing. Thus, the resulting coordination effort might prevent many consumers to engage in V2G
models. It therefore seems that the end user might not be a good starting point for an initial market for
V2G services (Williams and Kurani, 2006).
Financing and leasing models are certainly interesting for consumers, as the already tight budget is
not burdened by high initial purchase costs. Similarly, mileage tariffs do not burden the final consumer
with high upfront costs and additionally transmit the default risk of the vehicle or the battery to the
provider of the mileage rate and, therefore, are highly promising. If the tariff level would roughly
correspond to a normal leasing rate, this would be the most attractive option for consumers.
2.6.2.2

Aggregators

The group of aggregators in principle includes all market participants but the end users. For example,
vehicle fleet owners can generate economies of scale through the sharing of infrastructure in contrast
to individually acting end users. Additionally, a certain minimum total battery volume is a precondition
for an adequate provision of some V2G services. Aggregators spread the infrastructure costs over
several vehicles, they pool know-how and they aggregate the provided energy and power quantities to
standard market sizes (Williams and Kurani, 2006).
Vehicle fleets generally have the advantage that the certified load flow billing instruments do not
need to be installed in the vehicles themselves, but singly in the parking space of the service provider.
In addition, as a result of the central availability of the service, from a fleet of about 100 vehicles
upwards new contract models for the supply of balancing power of less than 1 MW are not needed any
more (Kempton and Tomic, 2005b).
Since the decision for an electric vehicle has sociological rather than economic reasons, net
present value calculations play a minor role in vehicle purchases (Greene et al., 2007). This lack of
economic consideration could keep consumers out of new vehicle markets, unless aggregators attract
them with appropriate and in the consumers point of view beneficial marketing models. These
aggregators would generate all or parts of the profit and would offer the PHEVs to the consumer at
customary conditions.
Aggregators can be thought of as various companies from different areas of technology and areas
of operations. Therefore, they potentially possess special knowledge or skills, which could support
them in the application of the new business models. In particular, the models of primary and secondary
control supply require a sufficient number of vehicles, just to reach the required temporal vehicle
availability and the minimum sales quantities. A 100% availability of a subset of the overall vehicle fleet
for V2G services can then be guaranteed, even at a given degree of simultaneity in vehicle use
(absence). One single end user could never give such a guarantee. Moreover, since the balancing
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power products are traded in megawatt units today, at least 100 vehicles with a vehicle capacity of
10 kW have to be combined to a virtual production unit to meet the quantity requirements, as already
mentioned above.
Peak-shaving and emergency power supply is already feasible with smaller fleet sizes. However, to
achieve a sufficient effect, an appropriate number of vehicles would still be needed. The net revenues
of V2G services can then be used in any form of profit-sharing or further incentive schemes.
The types of aggregators, which are described in the following, have special characteristics and / or
specific core competencies, which make them particularly suitable for certain business models.
2.6.2.3

Power companies

Since the technology of electric vehicles has obvious connections to the local electricity supplier, we
take a closer look at them as aggregators. The utility does not only sell the required electricity to the
PHEV owners to charge their vehicles, but is also familiar with balancing power and other V2G
services. Thus, this sector already has the necessary knowledge to utilize these services economically.
In addition, a utility will benefit especially from the additional electricity demand at night-times, which
PHEVs produce when they are charged, because normally the electricity generation then is
characterized by low variable costs and high fixed costs (Scott et al., 2007). Thus, an increased nighttime demand evens the load curve, which in turn allows a more intensive use of the production capital.
This increase in the full-load hours of the power plants reduces the specific costs per MWh and hence
reduces the production costs, too. However, since the determination of electricity prices in Germany is
largely based on costs, lowering the production costs does not automatically and directly lead to
increased profits of the utilities (Scott et al., 2007). How such savings can be divided optimally between
the electricity suppliers and the end users, has to be determined by researchers or regulatory
authorities.
One business model could be the extension of the pure electricity disposal to a model, where the
utilities purchase V2G services from their customers (Kempton and Letendre, 1997). In this case, the
utility would sum up the battery capacity of the PHEVs of their customers to megawatt units, and place
them on the existing balancing power markets or electricity markets. The power company wouldn’t
have a direct control over the actual temporal availability of the vehicles, but it could create financial
incentives for vehicle owners to increase and optimize the vehicle’s availability periods. (Kempton and
Tomic, 2005b). For example, performance-related payments could be established based on profitsharing, which reduce the electricity prices for vehicle owners and therefore encourage them to
increase the temporal availability of their vehicles. However, partial profit-sharing of the V2G revenues
could encourage syndicates on the consumer side to entirely reap the V2G benefits of a vehicle fleet
on their own. To counteract this, power companies could offer battery-leasing models. This would
leave the battery in the possession of the utility until the final leasing rate, which would enable the
utility to dispose the battery capacities of the vehicles more or less freely whenever available (Genung
et al., 2008). Additionally, as described above, this would increase the attractiveness of the new
vehicle technologies, because their high initial costs would be split up and distributed over several
periods, which would in turn increase the vehicle demand and therefore generate more units that could
be used for V2G services.
2.6.2.4

Telecommunication companies

At first sight, telecommunication companies do not have a direct connection to the (electric) vehicle
technology. However, real-time communication or data transfers are major preconditions for the
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coordination of V2G services, and therefore are also the key advantage these companies have over
their competitors.
Telecommunication companies have a nearly nationwide network for wireless data transfers. This
would enable them to track the vehicles, even at times when they are moved, and to estimate
probabilistically at which charging stations they might be available for V2G services in the near future.
Moreover, these companies have a billing system for their mobile phone customers, which is exact to
the second and has a high local resolution and which they certainly could convert to a capture of V2G
data with less effort than market newcomers without experience in this field (Kempton and Tomic,
2005b). A better and permanent capture of the current spatial position of each individual vehicle and its
charging level allows more precise predictions regarding the timing and extent of the next phase of
network services, thereby reducing uncertainty and in turn diminishing the risk premium of profits.
Especially the forecast of such availability values is essential for a correct determination of the
quantities of energy and power applicable for balancing power services. Other V2G services, such as
peak load and peak-shaving, are supported by a real-time data base of vehicle availability as well.
Based on an existing mobile communications network, the implementation of mileage tariffs or a tothe-minute billing would not be a problem, because the bookings off and into the customer's account
would be done regularly and automatically. The problem with such highly automated systems, which
use as much data as possible for process optimization, will be the (lack of) general acceptance in the
population. The related issues regarding the protection of data privacy would firstly prevent some
potential PHEV adopters from using seemingly beneficial business models. Secondly, the image of the
service provider could suffer, if misuse of the data for own economic profits occurs or even worse, if
personal data (including movement records) would fall into the wrong hands in the course of a
technical problem. However, in the course of debates about the safety of data privacy the government
might enact laws, which could constrain this intense use of personal data and thus lessen the
competitive advantage of the telecommunication companies.
Battery-leasing would be another option to adapt the temporal character from mobile phone
contracts. As usual, the property would be rented against the payment of a leasing rate. Suitable profitsharing agreements could then reduce these leasing rates (Genung et al., 2008).
2.6.3

Conclusions

The marketing models leasing, battery-leasing and mileage tariffs only apply to aggregators, since they
have the necessary capital stock. A leasing model between private households is rather unlikely.
However, precisely these households are the main target of the mentioned sales models, as the
aggregators have the necessary knowledge regarding the advantages of the vehicles, which they
could exploit commercially and thereby make the end users attractive offers via profit-sharing or
financing models. This could increase the sales rates of PHEVs, which in turn might lead to a higher
amount of assets the aggregator could use economically. The final comparison of the different
business models and market participants is given in Table 25.
The mileage tariff represents the most appropriate model for the near future, as it facilitates the
utilization of electric vehicles and PHEVs for consumers with high risk aversion regarding the purchase
of new technologies. The provider of the tariff can focus on the billing and the possible participation of
the vehicles in V2G services. With increasing market diffusion of the new vehicle technologies and
appropriate adjustments of the existing electricity market, the mentioned V2G models can greatly
contribute to the cost-effectiveness of PHEVs in the long term.
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Table 25: Comparison of business models and market participants
Private customers

Aggregators

Power companies

Telecommunication
companies

Balancing energy

Service cannot be
provided in suitable
quantities; 100%
availability cannot be
guaranteed

Most profitable V2G
service

Most profitable V2G
service; existing knowhow enables
implementation

Most profitable V2G
service; existing
localization systems
enable accurate power
forecasts (comparative
advantage)

Peak power

Profits are too small

Profits are too small

Possible usage for
storage of fluctuating
renewable energy;
flattened load curves
reduce costs of electricity
generation

Profits are too small

Peak-shaving

Missing contract
modalities

Profitable application
possible for small
amount of vehicles

Profitable application
possible for small amount
of vehicles; flattened load
curves reduce costs of
electricity generation

Profitable application
possible for small
amount of vehicles

Emergency power

Reasonable as
supplementary
utilization of the vehicle

Reasonable application
for company car fleets

Reasonable application
for company car fleets

Reasonable application
for company car fleets

Sales / leasing

Attractive to surmount
the barrier of high
vehicle purchase costs

Standard marketing
model

Rather unattractive

Standard marketing
model, unusual in
telecommunication
services

Battery leasing

Alternative with
performance
adjustment more
flexible than standard
vehicle leasing

Increases flexibility
toward customer
preferences

Rather unattractive

Increases flexibility
toward customer
preferences

Mileage tariff

Safest option due to
high purchase costs
and technological
uncertainties

Safest Option for the
PHEV adopters; shifts
risk to the companies

Comparable to standard
marketing model

Safest Option for the
PHEV adopters; shifts
risk to the companies;
standard marketing
model (comparative
advantage)

Profit-sharing

Increases attractivity of
the vehicle
technologies and
induces buying interest

Realization of profits
and customer
satisfaction
simultaneously
possible; Potential to
use vehicles of end
customers for V2G
services

Application for electricity
price reduction; single
possibility to use vehicles
of end customers for V2G
services; grid services
core business
(comparative advantage)

Realization of profits
and customer
satisfaction
simultaneously
possible; necessary for
low mileage tariffs;
telecommunication
companies don’t have
experiences in this field

2.6.4

Consumer preferences

Besides objective analyses of the costs and benefits of electric vehicles in general and PHEVs in
particular, their applicability for V2G services and the possibly resulting benefits and the suitability of
different marketing models further research is needed to gain better insight into vehicle consumer
preferences, since consumers normally do not assess the savings from energy-efficient technologies
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objectively. Thus, a determination of the factors, which have a major influence on consumer
acceptance of alternative fuel vehicles, has to be conducted to obtain a feeling which parameters
should be changed first. In general, the overall acceptance for new technologies is driven by technical
factors, legal surrounding conditions, economic aspects, and personality variables, which all are highly
interrelated. Therefore, we will assess the impact of (1) vehicle attributes, such as purchase price, fuel
costs, CO2 emissions, vehicle taxes, driving range, refuelling infrastructure etc., (2) governmental
incentives like subsidies, public charging infrastructure etc., (3) personality variables like attitudes
towards the environment or new technologies and (4) demographic variables on vehicle buying
behavior in a large-scale private consumer-oriented survey using a discrete choice framework in
combination with a socio-psychological questionnaire. The results will offer the possibility to suggest
policy actions, which could probably foster the adoption and diffusion of these new vehicle
technologies. Furthermore, the survey results will lay the seeds for forecasting the probable future
adoption of alternative fuel vehicles, based on different scenarios with regard to governmental action.
Since this research is still ongoing at the time of writing, the results of this study will be published in
Part 2 of the final project report.

3 Conclusions and recommendations
PHEVs can bridge the gap to a major diffusion of purely electrically driven vehicles. In our research we
had a closer look at a broad spectrum of open questions regarding electric mobility and especially
PHEVs and their potential benefits and barriers.
Sizing
The vehicle battery is a very expensive component in PHEVs. Our study shows that batteries in the
range of 4 kWh are the most economical solution and that they are beneficial for consumers in less
than five years which is an acceptable time period. Already with this battery size a significant reduction
in CO2 emissions and local emissions can be reached. For larger batteries, a clean electricity
production becomes more important to sustain this ecological advantage compared to conventional
ICE vehicles. However, the larger the battery, i.e. the longer the all-electric range of the vehicles
becomes, the more important are subsidies of the government to make PHEVs a cost-effective
alternative for early PHEV adopters. Vehicle-to-grid services could generate additional profits for the
vehicle owners, which could increase the attractiveness of PHEVs with bigger batteries.
Safety
The safety of the vehicle battery and the charging system is a major concern. Many standards already
exist in this field but it has to be noted that these standards are fast-changing. This fact makes it
difficult to construct systems according to the current state-of-the-art. For vehicle-to-grid concepts the
standardization of a communication protocol is under development. But it can be expected that this
field will also be evolving in the future. The standard charging plug for electric vehicles will most
probably be the so-called ‘Mennekes-plug’. As PHEVs will predominantly be charged with a maximum
of 3.7 kW, this plug seems to be oversized for that area of application as it allows for 44 kW charging
power. Nevertheless, to guarantee compatibility with future public charging spots, it may be used also
for PHEVs.
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Chargers/Infrastructure
As the internal combustion engine in a PHEV can guarantee mobility even with empty battery, fast
charging seems to be irrelevant for PHEVs. A fast-charging possibility would also increase the costs
for the battery system and would therefore not be demanded on economic grounds. The most
convenient charging system is a max. 3.7 kW on-board charger as the car can then be recharged on
every standard power outlet. A public charging infrastructure is not essential for the market introduction
of PHEVs. The group of garage-owning people is large enough to introduce that technology and to
establish a successful niche market.
People without garage will have problems to recharge their car overnight as public charging
infrastructure tends to be very expensive.
Battery lifetime
The battery lifetime depends on many factors, among others, temperature, voltage and cycle depth. It
can be expected that the vehicle battery can be used for delivering grid services as the maximum cycle
number cannot be reached only by driving operations. To quantify the different influencing factors
mentioned and to estimate the number of possible additional cycles due to grid services, a battery test
matrix was developed for systematic aging tests. These aging tests are still ongoing and extrapolated
results will be shown in Part 2 of the final project report.
Integration into low voltage grids
The potential for delivering grid services by PHEVs was investigated for the German electricity market.
It could be shown that PHEVs can contribute to the balancing power market at large scale. However,
for that reason existing prequalification standards have to be changed.
The additional electricity consumption of electric vehicles is not a major problem even for high
market penetration rates. With higher concentrations of PHEVs in certain grid segments, overloading
of grid elements can be a problem. This, however, can be solved by intelligent charging algorithms.
PHEVs were modeled in a distribution grid segment with a focus on charging algorithms which
optimize the energy consumption price, the battery SoC (to extend the battery lifetime) and the delivery
of balancing power.
Additionally, we studied the economic efficiency of an application of PHEVs for V2G services. The
supply of balancing energy seems to be most beneficial for vehicle owners. Indeed, a purely negative
primary control could achieve maximum gains for V2G services. With optimistic battery cost
assumptions (€ 350/kWh), the combined positive and negative primary control could achieve a profit of
€ 726 per year and per vehicle and the secondary control could generate gains of € 383-434 in the
medium- to long-run future. Based on our calculations, the trade of peak power, the peak-shaving
approach and the supply of emergency power generally appear to be less lucrative so that it is not very
attractive for individual vehicle owners. For power companies or larger firms, however, this type of
energy storage for load curve levelling could be interesting. This would result in an increase of full load
hours of the power plant portfolio and allow for a more optimal adjustment of grid parameters to reduce
losses. Even a buffering of energy from renewable sources would be possible.
In a further study we assessed the impact of PHEV diffusion and the impact of different charging
scenarios on power generation and PHEV emissions (CO2, SO2 and NOx) and costs. PHEV emissions
directly depend on a country's energy mix. With its current energy mix the environmental gain in
Germany is limited as the German electricity generation relies to a large extent on hard coal and
lignite. In particular, a high diffusion of PHEVs without controlled charging leads to higher peak
demands and, therefore, to higher generation costs. Shifting control over charging times to the
electricity producers would result in a better utilization of base-load plants, which would in turn
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decrease average generation costs. However, as coal and lignite is used for base-load generation their
utilization would increase and, consequently, average emissions will increase. With regard to SO2,
PHEVs do emit more than conventional vehicles. This difference will be even more pronounced if
nuclear power is replaced by coal. In comparison to this, in a French energy mix where nuclear power
dominates, the emission footprint of a PHEV is excellent. The same result, however, could be obtained
by an increased utilization of renewable energies in power generation.
Business models
Leasing, battery leasing, a mileage tariff and profit-sharing are all business or marketing models that
would encourage a wider and faster diffusion of PHEVs. By portioning the high upfront costs into
smaller bits, which can be paid in several time periods, or by generating additional profits in V2G
services, these models can help to surmount the barriers to PHEV purchase. The mileage tariff and the
battery leasing models represent the most appropriate model for the near future, as they facilitate the
utilization of electric vehicles and PHEVs for potential adopters with high risk aversion regarding the
purchase of new technologies. The provider of the tariff can focus on the billing and the possible
participation of the vehicles in V2G services. With increasing market diffusion of the new vehicle
technologies, and appropriate adjustments of the existing electricity market, the mentioned V2G
models can greatly contribute to the cost-effectiveness of PHEVs in the long term.
Additionally, besides objective analyses of the costs and benefits of electric vehicles in general, and
PHEVs in particular, greater insights into vehicle consumer preferences have to be gained, since
consumers normally do not assess the savings from energy-efficient technologies perfectly rational.
Thus, a determination of the relative influence of factors on consumer acceptance of (plug-in hybrid)
electric vehicles, like vehicle attributes (purchase price, fuel costs, CO2 emissions, vehicle taxes,
driving range, refuelling infrastructure etc.) and governmental incentives (subsidies, public charging
infrastructure etc.) has to be conducted to gain some insights about which parameters should be
changed first to influence consumer preferences most effectively. This will be done in a large
questionnaire survey. The results of this research and the consequential policy recommendations will
be presented in Part 2 of the final project report.

4 Further steps, future developments and proposed actions
Battery aging behavior is crucial for the economic efficiency of offering V2G services. The
consideration of battery aging costs in charging management algorithms can be an important step for
the commercialization of that technology. Another interesting field of research is the interaction of
several PHEVs with V2G-capable chargers in a distribution grid. Investigations of the grid stability and
the proper function of the management algorithms for a fleet of vehicles should be conducted. Our
analysis shows that public charging infrastructure generates only little extra benefits for the car user.
The development of cost-effective public charging infrastructure is therefore an important topic. Studies
about lean communication infrastructure could help to achieve that goal.
Very few studies have investigated the causal interactions between decisions of consumers and
vehicle manufacturers and governmental policies. These dynamics have a major influence on the
development path a new technology forges. To reach a better understanding about these manifold
interactions, we plan to develop a consumer behavior model, based on our survey data, to obtain more
accurate estimations of the market demands. An agent-based model will be built to investigate the codependant consumer attributes, product attributes and exogenous factors. Simulations will then be
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used to estimate the adoption and diffusion of PHEVs in Germany in the (near) future under a variety
of scenarios.
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6.5

Short CV of scientists involved in the project

Dipl.-Volksw. André Hackbarth studied Economics at Heidelberg University. Since October 2007 he is
working as a research associate at the Institute for Future Energy Consumer Needs and Behavior
(FCN) at RWTH Aachen University. Currently, his research is on the adoption and diffusion of
alternative-fuel vehicles in Germany with a special focus on attitudinal and economic factors and their
impact on consumer decision making.
Dipl.-Ing. Benedikt Lunz studied electrical engineering at the University Erlangen-Nürnberg and at KTH
Stockholm with a focus on electricity supply and power electronics. Since September 2008 he is
working as research associate at the Institute for Power Generation and Storage Systems within the
E.ON Energy Research Center at RWTH Aachen University. His work is focussed on electro mobility
with special respect to Plug-in Hybrid Electric Vehicles and their grid integration.
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Prof. Reinhard Madlener studied Commerce and Finance as well as Paedagogics at the Vienna
University of Economics and Business Administration (WU Wien) and then also Economics at the
Institute for Advanced Studies Vienna (IHS). He obtained his PhD at WU Wien in the Economics and
Social Sciences (Dr. rer. soc. oec.), specializing in General Economics, Environmental Economics, and
Statistics. Before taking up his position at RWTH Aachen University in June 2007, he was Managing
Director of the Institute for Advanced Studies Carinthia (1999-2000), Assistant Professor at the Centre
for Energy Policy and Economics (CEPE), ETH Zurich (2001-2007), Lecturer at the Faculty of
Economics, University of Zurich (since 2003), and Senior Researcher at the German Institute of
Economic Research / DIW Berlin (2007). Among others, he was Visiting Fellow at the University of
Illinois (Urbana-Champaign), the European University Institute (Florence, Italy), and the University of
Warwick (Coventry, UK). Prof. Madlener is one of five full professors of the E.ON Energy Research
Center (E.ON ERC), established at RWTH Aachen University end of 2006, and Director of the Institute
for Future Energy Consumer Needs and Behavior (FCN) founded by him in June 2007. He is also
RWTH Director of the Juelich-Aachen Research Alliance Energy (JARA-Energy) and Research
Professor with the German Institute of Economic Research (DIW Berlin).
Prof. Dirk Uwe Sauer received his diploma in Physics in 1994 from University of Darmstadt. From
1992-2003 he worked as a research scientist and senior scientist at Fraunhofer Institute for Solar
Energy Systems ISE in Freiburg/Germany. In 2003 he received his Ph.D. at Ulm University on battery
modelling and system optimization. From 10/2003 to 09/2009 he was Juniorprofessor at RWTH
Aachen University for “Electrochemical Energy Conversion and Storage Systems” at the Institute for
Power Electronics and Electrical Drives (ISEA), later as well Institute for Power Generation and
Storage Systems (PGS, E.ON ERC). In 10/2009 he was appointed Professor at RWTH Aachen
University for “Electrochemical Energy Conversion and Storage Systems” at the Institute for Power
Electronics and Electrical Drives (ISEA) and Institute for Power Generation and Storage Systems
(PGS, E.ON ERC). Prof. Sauer was member of the VDE/ETG Task Force on Energy Storage Systems
(2006-2009). In 2010, he became member of the German National Platform for E-Mobility (NPE).
Prof. Rik W. De Doncker received his Ph.D. degree in electrical engineering from the Katholieke
Universiteit Leuven, Belgium in 1986. In 1987, he was appointed a Visiting Associate Professor at the
University of Wisconsin, Madison, where he lectured and conducted research on field-oriented
controllers for high-performance induction motor drives. In 1988, he was a General Electric Company
Fellow in the microelectronic center, IMEC, Leuven, Belgium. In December 1988, he joined the
General Electric Company Corporate Research and Development Center, Schenectady, NY, where he
led research on drives and high-power soft-switching converters, ranging from 100 kW to 4 MW, for
aerospace, industrial, and traction applications. In 1994, he joined Silicon Power Corporation (formerly
GE-SPCO) as Vice President, Technology. He worked on high-power converter systems and MTO
devices and was responsible for the development and production of 15 kV medium-voltage transfer
switch. Since October 1996, he has been professor at RWTH Aachen University, Aachen, Germany,
where he leads the Institute for Power Electronics and Electrical Devices. He has published over 180
technical papers and is holder of 20 patents, with several pending. Prof. De Doncker was member of
the IEEE IAS Executive Board and is Past President of IEEE Power Electronics Society (PELS). He is
member of the EPE Executive Council. He was founding Chairman of the German IEEE IAS-PELS
Joint Chapter. Prof. De Doncker is also the recipient of the IAS Outstanding Achievement Award and
the PES Custom Power Award. In 2006 he was appointed Director of the E.ON Energy Research
Center. In 2010, he became member of the German National Platform for E-Mobility (NPE) and led the
VDE/ETG Task Force Study on E-Mobility.
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6.6

Project timeline

The timeline of the project is presented in Table 26. It can be seen, that three parts of the project could
not be finished in time:
Battery lifetime: The battery tests started in time but due to the good aging behavior of the cells
tested a reliable extrapolation cannot be made.
Simulation of PHEVs in the distribution grid: The simulation of mobile storage devices (PHEVs)
in the distribution grid within the software DigSilent Powerfactory is very complex. A co-simulation of
Powerfactory and MATLAB had to be used which increased the implementation effort significantly.
Consumer preferences: The design and the implementation of our discrete-choice experiment is
very complex, since more variables will be considered than in comparable studies. Additionally, the
modelling of future diffusion paths of alternative fuel vehicles is an extensive task as well.
The results of these work packages will be shown in a second part of this project report. The planned
publication date of this report is spring 2011.
Table 26: Timeline of the project
2008
7

8

9

10

2009
11

12

1

2

3

4

5

6

7

2010
8

9

10

11

12

1

2

3

4

5

6

7

8

9

10

11

12

WP 1: Requirement and sizing of plug-in hybrid electric vehicles

WP 2: Electrical insulation and safety issues

WP 3: Business models and revealed consumer preferences

WP 4: Optimized integration of chargers (PGS)

WP 5: Assessment of storage technologies which meet the requirement of PHEV and grid (PGS)

WP 6: Integration into low voltage grids (PGS & FCN)

6.7

Activities within the scope of the project

Presentations at workshops and conferences:
B. Lunz,
Evolution of Batteries and Charging Concepts
Seminar Clean Mobility, Limburg Catholic University College, December 2008, Diepenbeek, Belgium
B. Lunz,
Elektrofahrzeuge: Speicherkraftwerke auf Rädern
Smart Grids - Eine Herausforderung für die Energieversorger und Netzbetreiber, March 2009, Mainz
B. Lunz, R. W. De Doncker, D. U. Sauer,
Electric Vehicle Charging Concepts - User and Battery Aspects
Energy Delta Convention, EDC 2009, November 2009, Groningen, The Netherlands
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B. Lunz, D. U. Sauer,
Ergebnisse der VDE-Speicherstudie
FVEE-Workshop "Elektrochemische Energiespeicher und Elektromobilität", January 2010, Ulm
B. Lunz, D. U. Sauer,
Technologie und Auslegung von Batteriesystemen für die Elektromobilität
Solar Mobility, February 2010, Berlin
C. Ernst, A. Hackbarth, B. Lunz, R. Madlener, D. U. Sauer,
Economic Analysis for Plug-in Hybrid Electric Vehicles in Germany,
2nd Technical Conference "Advanced Battery Technologies for Automobiles and Their Electric Power
Grid Integration", February 2010, Mainz, Germany
B. Lunz, D. U. Sauer,
e-mobility und erneuerbare Energien - eine win-win-Situation
Anwenderforum MobiliTec, MobiliTec2010, April 2010, Hannover
G. Schürmann, R. Madlener, A. Hackbarth,
Plug-in Hybridfahrzeuge: Marktentwicklung, Marktchancen und ökonomisch interessante
Fragestellungen
6th International Conference in Energy Economics „Energy Economy and Technological Progress in
Times of High Energy Prices“ (IEWT 2009), February 2009, Vienna, Austria
R. Madlener, C. Mazur
Assessing the Power Sector-related Environmental and Cost Impacts of Plug-in Hybrid Electric
Vehicles in Germany
33rd International Association for Energy Economics International Conference (IAEE 2010), June
2010, Rio de Janeiro, Brasil
C. Mazur, R. Madlener
Assessing the Power Sector-related Environmental and Cost Impacts of Plug-in Hybrid Electric
Vehicles in Germany
3rd International Workshop on “Empirical Methods in Energy Economics” (EMEE 2010), June 2010,
Guildford, UK
R. Madlener, C. Mazur
Assessing the Power Sector-related Environmental and Cost Impacts of Plug-in Hybrid Electric
Vehicles in Germany
24th European Conference on Operational Research (EURO 2010), July 2010, Lisbon, Portugal
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