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Electric vehicles are commonly seen as one of the alternatives to reduce the oil dependency and the
greenhouse gas emissions in the transport sector.

The aim of this paper is to evaluate the impact of different electric vehicle charging strategies on the
national grid including the storage utilization of electric vehicles (V2G-vehicle to grid). Furthermore,
an economic analysis of electric vehicle utilization is performed and the results are compared with the
conventional diesel vehicle.

To accomplish this aim the availability of passenger cars in Germany to be plugged into the grid showed
2G
lectric vehicle
harging
i-ion battery
torage
ptimization model

to be high at any time over the day (>89%), which is advantageous for the V2G concept.
The impact of the different electric vehicle charging strategies is investigated by employing three

scenarios. The first scenario (unmanaged charging) shows that 1 mil. electric vehicles only impacts slightly
on the daily peak electricity demand. In the second scenario (Grid stabilizing storage use) a maximum
reductions of grid fluctuations of 16% can be achieved with the use of 1 mil. electric vehicles as storage. The
last scenario (profit maximization by power trading) the maximum daily revenues from V2G activities
are calculated to be 0.68 EUR2009.
. Introduction

Recently researchers as well as politicians increasingly focus on
he market penetration of battery electric vehicles (EVs) to get one
tep closer to an emission free mobility. In Germany the effort can
e recognized in many programs such as “E-mobility pathway” [1],
Modelregion-Electromobility” [2] and many more. The introduc-
ion of EVs bears not only chances (e.g. emission free mobility, no
ocal particle emission, etc.) but also some difficulties to be over-
ome (e.g. rising electricity demand, high investment costs of EVs,
tc.).

Past and ongoing research focuses by the majority on technical
mprovement of EVs (e.g. [3–6]) and some on economic perfor-

ance of EVs (e.g. [7,8]). The use of EVs as a storage (vehicle-to-grid,
2G) was analyzed generally in a number of publications (e.g.

9–12]) as well as the integration of renewable energies by V2G
13]. Generally also the impact of V2G on the grid was analyzed

n [13–16]. However, the impact of EVs on the grid as well as the
ossibility for consumers to get a revenue through V2G was not
xamined in detail.
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The aim of this paper is to evaluate the impact of EVs on the grid
as well as the thereby resulting economic performance of the vehi-
cles. The plug-in availability is calculated for the German passenger
car sector (cf. Section 2.1). Hereby it is assumed that if a car is not
being driven, it is connected to the grid. In the next step, differ-
ent effects of storage usage on the grid as well as on the economic
performance of the vehicles are investigated. Three storage usage
strategies are examined (cf. Section 2.2).

1. Unmanaged charing
2. Grid stabilizing storage use
3. Profit maximizing storage use.

2. Method

To reach the aim a Matlab/Simulink based model was developed.
With the model a simulation of different operation strategies of EVs,
differentiated for their energy demand for driving and use of the
residual storage capacity for V2G application was accomplished.
The term V2G service hereby only accounts for the service of trad-

ing of energy at the stock exchange (European Energy Exchange,
EEX) [17]. The effect of different storage utilizations on the demand
within the grid and on the cost for electric vehicles was evaluated.
Within the simulation no effects of the storage use of the vehicles
on the energy price is taken into account. Assuming a high amount

dx.doi.org/10.1016/j.jpowsour.2010.09.117
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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f electric vehicles introduced to the grid as well as their usage to
rade energy at the stock exchange an impact on the stock exchange
rice is likely. However, due to the considered low share of electric
ehicles and therewith small increase in electricity requirement,
his aspect was not considered in the analysis. The temporal reso-
ution of the simulation is set to an hourly basis and the input data
f the demand and energy prices are taken from the period between
anuary 2007 till July 2009. The energy prices are further developed
or the year 2030 on the basis of the input data according to [31].
he calculation is performed as an estimation of the implication of
considerable amount of electric vehicles as share of the passen-

er car fleet in Germany. Therefore, the cost assumptions are future
stimations for the year around 2030 given in EUR2009.

In Germany vehicles drive an average of 41.9 vkm d−1 (vehicle
ilometer per day) [18]. As a restriction to the model the energy
eeded to drive 41.9 vkm d−1 is the limit to which the battery can
e discharged. The average driven distance is calculated with the
imulation described in Section 2.1. The maximum storage capacity
f the EVs is depending on the State-of-Charge (SoC) of the electric
ehicles which are plugged into the grid.

.1. Calculation of EV plug-in availability

To determine the possible capacity of mobile storage systems
he number of electric vehicles plugged into the grid is calculated
ith the potential to act as a storage device at any instant. Due

o the fact that seasonal differences as well as special incidents
uch as traffic volume on holidays cannot be included, the calcu-
ation of the plug-in availability and energy demand for driving is
ealized with hourly values for an average week of the year. The
umber of passenger cars being used at any instance in Germany
as analyzed based on data from “Mobilität in Deutschland” [19].

he calculations are based on the number of trips traveled each day
n Germany. Each trip is further divided into motives of travel. On

eekdays the average citizen in Germany covers 3.6 trips per day
19]. These trips are separated into different motives for traveling
nd each motive into six different modes of transport: a passen-
er car driver, a car passenger, per bike, on foot and with public
ransportation. Seven different types of motives for traveling were
dentified, namely:

. Leisure (trips for leisure, e.g. meeting friends)

. Shopping (daily needs)

. Private errands (e.g. consultation or bureaucratic affairs)

. Accompanying (bringing and picking up people)

. Business trip (each trip which can be accounted to business rea-
sons, except trips with the motivation of “Work”)

. Education (each trip to reach the training post or school)

. Work (each trip from and to work).

For each motive, the percentage of trips which was performed as
passenger car driver, was calculated separately and taken as input
ata for the simulation. With the average speed of 32.8 vkm h−1 for
assenger cars in Germany [19] and the distances driven, the time
eeded for each trip was calculated. The average speed was calcu-

ated including stops e.g. at traffic lights. Each travel was classified
nto one of the three groups according to the travel time:

. Group 1, where time to travel is less than 30 min,

. Group 2, where time to travel is between 30 min and 1 h 30 min
and
. Group 3, where time to travel is more than 1 h 30 min.

With the combination of average speeds, length of trips and the
tarting times, a simulation was performed which determined the
umber of passenger cars used during each hour of the day. The
wer Sources 196 (2011) 2311–2318

simulation is performed by calculating the number of passenger
cars starting a trip each hour of the day. The calculating point is
defined as the midway of specified hour e.g. a trip specified as start-
ing in the hour between 1 pm and 2 pm is assumed to have started
at 1:30 pm. This leads to the basic assumption for the simulation
that e.g. a trip ending after 45 min end for the calculation in the
subsequent hour. The calculations were performed for every hour
with the following equations:

Y(t) = (Xmax − X(t)) (1)

where Y(t) is the passenger cars en route at time t; X(t) is the pas-
senger cars connected to the grid at time t; Xmax is the total number
of passenger cars; and t is the time step in hours.

The passenger cars en route are subsequently calculated by the
difference of the vehicle population and passenger cars connected
to the grid. In Germany the total amount of passenger cars Xmax

for 2009 was about 42 mil. [18]. It is assumed, that this number
will stay constant until the year 2030, which is in line with [20].
The passenger cars connected to the grid X(t) are determined as
follows:

X(t) = X(t − 1) + W(t) − V(t) (2)

where W(t) is the passenger cars ending their trips at time t and
V(t) is the passenger cars starting their trips at time t.

The number of passenger cars ending their trips is calculated
from:

W(t) = W1(t − 1) + W2(t − 2) + W3(t − 3) (3)

Due to the fact that the data of returning passenger cars, which
end their trips after more than 3 h, was marginal or not present,
the arriving passenger cars are divided into three groups concern-
ing their time of trip termination. The values for the different trip
termination times are assessed with the multiplication of the start-
ing passenger cars and the percentage of vehicles fb(t) ending their
trips.

Wb(t) = V(t) · fb(t) (4)

where fb(t) is the percentage of passenger cars ending their trips at
time t.

The index b can have an integer value between 1 and 3. This
index describes the different percentages of passenger cars return-
ing from one trip in the above described time groups according to
their travel time. The index varies for the various days of the week
and motives for traveling. In contrast, the hourly values of one day
and inside one motive the factor remains at a constant value. The
share of passenger cars en route was calculated by:

u(t) = Y(t)
Xmax

(5)

where u(t) is the share of passenger cars en route at time t.
Additionally the driven kilometers of the vehicles can be deter-

mined by the multiplication of the number of passenger cars ending
their trips with the driven distances during their trips. The differ-
ent driven distances is calculated as a sum of the different distances
driven within the three groups.

L(t) =
3∑

Wb(t) · Lb(t) (6)
b=1

where L(t) is the cummulative driven distances of returning pas-
senger cars at time t for all groups and Lb(t) is the driven distance
for passenger cars belonging to the group b at time t.
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Table 1
Assumptions on performance for the year 2030.

Average speed 32.8 vkm h−1 a

Average trip distance Lav−Day 41.9 vkm d−1 b

Electric vehicle parameters
Storage capacity 32.8 kWh
�storage 0.9 c

Battery depth of discharge (DoD) 80%
max. Pcharging 3.6 kW
PE−Motor 75 kW
Components lifetime 12 a (battery cycle life: 4500 cycles)
Energy consumption 0.59 MJ vkm−1

Conventional diesel parameters
Components lifetime 12 a
Energy consumption 1.56 MJ vkm−1
N. Hartmann, E.D. Özdemir / Journa

.2. Simulation model and scenarios for the EV-storage utilization

To simulate the storage utilization for V2G service, first an upper
oundary (UB) and a lower boundary (LB) are defined. If an input
alue falls below the lower boundary the storage will be charged
nd in contrast, if the input value rises above the upper boundary,
he storage will be discharged. Within the simulation the upper and
ower boundary were varied.

By means of the least square method the fluctuations of the
ational electricity grid are evaluated. With every variation step
he sum of the squared values is calculated and subsequently min-
mized.

SV =
8760∑
t=0

(D(t) − Dav)2 (7)

here LSV is the annual least square value of the fluctuations of the
rid; D(t) is the resulting electricity demand on the national grid
epending on hour t of the year; and Dav is the average electricity
emand in Germany.

Additionally the difference of the maximum and minimum of
he demand value of every day (daily difference of extrema) was
alculated to quantify the reduction of extrema for the least square
inima. If the lower boundary rises higher than the upper bound-

ry, the result is shown as the value “zero”, due to the decision
ispute of the operation strategy.

Three different storage utilization scenarios are analyzed in this
aper:

. Unmanaged charging – This represents a situation, where the
electric vehicles are charged at an instance they get plugged
into the grid. These vehicles are also charged until the maximum
storage capacity and then held at the maximum until they are
plugged out of the grid and used. In this examination the number
of electric vehicles is varied between 1 and 42 mil. EVs. No active
storage management is introduced in this strategy and therefore
no upper and lower boundary were defined in this case.

. Grid stabilizing storage use – This setting represents a storage
use pattern which is controlled by signals from the public grid.
The goal at using the storage for grid support is to reduce the fluc-
tuations of the grid and achieve an energy demand in Germany,
which is constant over time. Therefore, the upper and lower
boundary is a constant value over time. The EVs are charged in
times of low energy consumption and discharged in times of high
energy consumption. The State-of-Charge is calculated by:

SoC(t) = SoC(t − 1) + Ecd(t − 1) (8)

The value Ecd describes the amount charging energy Ec or dis-
charging energy Ed, which is needed within 1 h. The demand (P)
represents hereby the whole electricity demand in the public
grid in Germany in GW.

Ecd =
{

Ec if P < LBP

Ed if P > UBP

0 if else
(9)

The reduction is analyzed with the least square method as
described above.

. Profit-maximizing storage use – This setting represents the case,
that consumers try to maximize their benefit by trading energy
at the energy stock exchange. To maximize the profit by energy

trading the goal is to achieve the highest revenues. Hence the
day ahead hourly values of the EEX energy price (EEX(t)) over
the examined period was fitted with a polynomial 5th grade (h(t,
z) = 2.4 × 10−19t5 − 1.0 × 10−14t4 + 9.1 × 10−11t3 + 4.1 × 10−7t2

− 2.7 × 10−3t + z). The value h represents the average energy
a [19].
b [18].
c [21–24].

price at time t. The value of z of the fitted curve is 34. For the
upper and lower boundary definition, the value of z is varied.

Ecd =
{

Ec if EEX(t) < [LBEEX = h(t, z); z = z1]
Ed if EEX(t) > [UBEEX = h(t, z); z = z2]
0 if else

(10)

The State-of-Charge is calculated as in Eq. (8). By adding the
variable benefits resulting from energy negotiation to the yearly
fixed cost estimations the costs for a medium-sized electric vehi-
cle is determined and compared to a conventional diesel engine
vehicle. With the annuity method the costs per vkm are calcu-
lated.

2.3. Assumptions on performance and economics

In the following section, the assumptions on performance
(Table 1) and on economics (Table 2) are described. The energy
efficiency (charge–discharge efficiency) of the storage is set to 90%
which is in line with the literature values [21–24], including the
voltage converter losses. Additionally to the above described oper-
ation of the storage, several constraints are introduced into the
model. The maximal charging power for one vehicle is 3.6 kW. Basis
for the maximal charging power is the presetting, that the vehicles
are only charged at standard sockets in Germany with line voltage
of 230 V. Also the charging of the vehicles, if they are connected to
the grid below the SoC which is needed to drive the average daily
distance, has priority to any V2G storage utilization.

The storage capacity is set to 32.8 kWh due to the presetting, that
EVs should be able to drive 200 vkm with one battery load. Power
PE−Motor of the vehicle is set to 75 kW according to the average
power of “VW-Golf”, the top-selling medium-sized car in Germany
[25]. As already stated, the maximal charging power is set to 3.6 kW
and the average daily distance driven (Lav−Day) to 41.9 vkm d−1. All
vehicle components are assessed to have a lifetime of 12 years.
The battery hereby exhibits a cycle lifetime of about 4500, which
is slightly conservative than several literature values (cf. [26,27]).
To avoid battery degradation due to deep cycling, the depth of dis-
charge (DoD) is set to 80%. The energy consumption is calculated
by the consumption of a medium-sized EV in 2007. For rural trips is
0.43 MJ vkm−1 and urban trips 0.65 MJ vkm−1, whereas the alloca-
tion of trips is 2/3 in rural and 1/3 in urban areas [28]. For the future
estimation a reduction of energy consumption of 20% is implied.
This results in a future energy consumption of 0.59 MJ vkm−1,

which is consistent to [29]. The fuel consumption of a future con-
ventional diesel vehicle is set to 1.62 MJ vkm−1, which is based on
own calculations based on [30].

The economic parameters (see Table 2) are based on literature
values. The conventional ICE, including transmission, represents
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Table 2
Assumptions on economics of conventional diesel and electric vehicle in 2030.

ICE a E-Motor Battery Control unit b Tank Carriage Sum

EUR2009

Conv. diesel 4960 c – – – 132 c 17,010 c 22,102
EV – 1145 d 7118 e 1276 f – 17,010 c 26,549

Fuel costs and taxes

Diesel [EUR2009 GJ−1] Electricity [EUR2009 GJ−1]

Fuel 16.7 g 36.0 g

Tax 20.4 g 24.9 g

Total 37.1 60.9

Annual maintenance 2% of invest. cost
Annual tax and insurance 3% of invest. cost
Interest rate 6%

a Incl. transmission.
b Incl. DC/DC converter & charger.
c [32].
d
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3.2. Unmanaged charging

In Fig. 3 the development of difference of daily extrema of the
electricity demand in Germany for an increasing amount of EVs is
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[33,34].
e Spec. battery cost (217 EUR2009 kWh−1 [35,36])· storage capacity.
f [34,35].
g [31].

direct injection compression ignition (DICI) with exhaust after
reatment and a diesel particulate filter (DPF). It is assumed,
hat the battery costs per kWh will fall in the future to about
17 EUR2009 kWh−1 due to mass production. The battery degra-
ation is accounted for within the simulation. Hereby the battery

ifetime is depending on the cycles performed with the battery. One
ycle is defined as the complete charging (until the DoD of 80%) and
ischarging of the battery. Therefore, the lifetime of the battery is
etermined by the calculation of the energy which can be charged
nd discharged within one cycle. If the battery is charged and dis-
harged with a higher amount than what is calculated for a 12-
ear lifetime (due e.g. to the usage for V2G service) the lifetime of
he battery is reduced, and a earlier battery replacement is needed,
hich is taken into account for the economic evaluation.

Within the “Control Unit”, a DC/DC converter, an inverter as well
s the battery control unit is included. The conventional diesel as
ell as the EV exhibit the same investment cost for the carriage,
hich includes devices such as cooling system and wiring. The fuel

nd tax costs are taken from Ref. [31], the values represent a moder-
te price scenario based on an oil price of 75 $2007bbl−1. The diesel
nd electricity fuel costs include the costs for production, trans-
ortation and distribution. For electricity the costs for households
re taken rather than the electricity costs for industry. Maintenance
osts are assumed to be 2% of investment costs and 3% of investment
osts for tax and insurance in Germany. The economic performance,
hich result out of the use of the electric vehicle is calculated by

he annuity method. The interest rate hereby is set to 6%.

. Results

.1. Plug-in availability and energy use of vehicles

In Fig. 1 the number of vehicles en route is displayed as a
ercentage of the total vehicle population in Germany. The char-
cteristic of passenger cars en route is similar for weekdays. For
eekdays the percentages of vehicles en route varies between
early zero at night up to about 10% between 3 pm and 5 pm. The
ighest number of passenger cars en route can be perceived with

0.2% on Fridays at 3 pm. The highest amount of vehicles en route

s always reached in the early afternoon rush hour. However, it can
e noticed that the maximum of vehicles en route on Mondays is
lightly lower than on the other weekdays. Furthermore the peak
hare of vehicles en route is reached 1 h earlier on Fridays (at 3 pm)
than on the other weekdays. On Saturdays the share of passenger
cars en route increases from 3 am until 10 am to the daily maxi-
mum of about 9.7% and then decreases over the time of 10 h until
it drops below 2% at 9 pm. After 9 pm the decrease declines and
the minimum share of passenger cars en route is reached at about
midnight. The percentage of vehicles en route on Sundays increases
steadily in the morning until its maximum is reached at 2 pm with
the value of 5.3%. In the afternoon the share of passenger cars en
route decreases steadily until its default value at night.

In Fig. 2 the distances driven by 1 mil. EVs is shown. The calcula-
tion is performed at the time when they come back from one trip,
separated into the three time groups described in Section 2.1. For
1 mil. EVs the simultaneous daily maximum of passenger cars en
route is reached at 1 pm during the weekdays. Most trips hereby are
performed within the first group. It can be seen that especially the
motives Work and Shopping are responsible for the high amount
of distances driven. In the second group more trips are performed
with the motive Leisure and Work. However, the height of the dis-
tances driven within this group is lower than within the first group.
Within Group 3 the main reason for trips is during the week Busi-
ness trip and at the weekends Leisure. This group accounts for the
lowest amount of distance driven.
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168
0

Hour of week (Monday through Sunday) [h]

te [%
]

Fig. 1. Cumulated share of passenger cars en route in Germany for an average week,
differentiated in travel motives [37].
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Fig. 2. Cumulated driven distance for 1 mil. passenger cars for an average week [38],
differentiated in travel motives.
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Fig. 3. Development of daily difference of extrema depending on the amount of EVs
(unmanaged charging).
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shown. The difference of daily extrema is calculated by the sum of
the difference of the daily maximum and minimum for the exam-
ined 2.5- year period. The percentage in Fig. 3 hereby represents the
amount by which the daily fluctuations of the grid increases com-
pared to the fluctuations of the grid without any EVs introduced.
Due to the fact that the energy demand of EVs correlates with the
peak electricity demand in Germany, the difference between the
daily demand extrema increases significantly with a rising amount
of EVs. In Fig. 4 the impact of 1 mil. and 42 mil. EVs on the German
grid is shown for an average week and compared to the situa-
tion with no EVs introduced. The impact on the grid seems low
with 1 mil. EVs where the daily fluctuation increases only by 1.5%
or by 0.3 GW. However, by replacing the whole fleet of conven-
tional passenger cars in Germany (42 mil. vehicles) with EVs, the
daily average fluctuation of the demand increases to 38.4 GW (an
increase of 92%), compared to 20 GW without the introduction of
EVs.

3.3. Grid stabilizing storage use

The calculation is performed with the goal to reach the low-
est fluctuation of the national grid. The remaining capacity of the
batteries which is not used for driving is allocated to support the
grid. The least squares over the lower and upper boundary is cal-
culated for 1 mil. EVs. The minimum is reached for the lower and
upper boundary at 52 GW. The amount of reduced fluctuations by
using the energy storage of the EVs can be shown with the help of
the average daily difference of extrema (cf. Fig. 5). Especially if the
upper and lower boundary vary between 50 and 60 GW the highest
reduction of fluctuation (about 16%) is achieved. The average daily
electricity consumption of the electric car is 24.7 MJ which corre-
spond to a “fueling” cost of 1.5 EUR2009 day−1. However, the V2G
activities brings an additional revenue of about 0.5 EUR2009 day−1

to the car owner and therewith reduces the “fuelling costs” from
1.5 to 1.0 EUR2009 day−1. The energy which is needed to support the
grid is hereby bought and sold at the stock exchange.
3.4. Profit maximization by power trading (V2G)

The results show the revenues of vehicles which are used for
V2G services as well as the differential costs between an diesel

Fig. 4. Energy demand for different amounts of EVs in Germany for an exemplary
week (unmanaged charging).
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Fig. 5. Improvement of daily difference of extrema in percent for 1 mil. EVs.

nd electric vehicle. Thereby the energy consumption of the vehi-
les is monetized by the diesel and electricity price described in
able 2. Taking the sum of energy consumption for the daily driven
km as the lowest SoC of the battery the remaining battery capac-
ty can be used for V2G services. In Fig. 6 the revenues through
rading energy at the stock exchange EEX for 1 mil. EVs is shown.
he value of the revenues describes just the returns after trading
nergy without any costs or battery degradation. The lower and
pper boundaries in Fig. 6 are expressed in 5th grade polynomial
(t, z) at time t = 1 (see Section 2.2, part 3). Different upper and lower
oundary values are achieved for different z values. If the bound-
ries vary between the price of about 10 and 110 EUR2009 MWh−1

evenues can be achieved. The maximum is reached with a upper
nd lower boundary at time t = 1 for z1 = z2 = 36 EUR2009 MWh−1

ith yearly revenues of 247 mil. EUR2009 for 1 mil. EVs, which rep-
esents about 0.68 EUR2009 EV−1 day−1. The share of battery, which
s used for V2G service is about 18%.

The differential driving costs of the EV minus the conventional
iesel is calculated in EURct2009 vkm−1. If the upper boundary is set
etween 10 and 110 EUR2009 MWh−1 (at time t = 1) and the lower
oundary between 10 and 90 EUR2009 MWh−1 (at time t = 1) nega-
ive differential costs (cost of conventional diesel is higher than cost
f EV) can be achieved. The battery degradation reaches an impact
n the economic performance for a high amount of energy traded.

herefore, if the upper and lower boundary is set between 20 and
5 EUR2009 MWh−1 (at time t = 1) the maximum cycles per battery
re reached before the lifetime of the EV which makes an earlier
attery replacement necessary. Hereby the lifetime of the battery
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Fig. 6. Revenues of 1 mil. EVs through V2G within the examined period.
Average yearly distances driven [thousand vkm]

Fig. 7. Differential costs per kilometer of the electric vehicle minus conventional
diesel.

drops till the minimum of 3.7 years, which results in higher yearly
costs of the battery.

3.5. Discussion and parameter variation

In the following the results are discussed as well as a parame-
ter variation of different input values for the battery degradation
and battery costs is presented. The analysis of the availability of
plug-in passenger cars in Germany showed that the overall plug-in
availability in Germany is high at any time over the day (>89%). A
significant difference between the daily characteristics of the avail-
ability on weekdays, Saturdays and Sundays was recognized. The
main reasons for travel were identified as trips to and from work,
for shopping and for leisure.

The unmanaged charging shows, that the times of energy
demand of EVs correlates with times of high electricity demand in
the national grid in Germany. However, up to an introduced number
of 7 mil. EVs in Germany the difference between the daily extrema
within the demand increases less than 10%. The introduction of
1 mil. EVs in Germany, which is the goal of the government until
the year 2020 [39] exhibits only a low impact on the fluctuations
of the demand (about 1.5%). Yet, with an increasing amount of EVs,
the fluctuations of the grid increases above average, so that it is
inevitable to research on methods to shift the charging into hours
of low national energy use.

In contrast with a grid stabilizing storage strategy the potential
of 1 mil. EVs to serve the grid as grid support is already noticeable.
The daily reduction of difference of extrema of the fluctuations on
the grid is 16%. Therefore, even with a low amount of EVs intro-
duced, using EVs as grid support can have favorable effects on the
demand. However, the financial incentives which have to be paid
to vehicle owners to use their battery have to be determined.

One method to analyze the hight of financial incentives, which
is presented in this paper, is to look at the possible revenues vehicle
owners can achieve by trading energy at the stock exchange. With
an optimized operation strategy revenues up to 0.68 EUR2009 d−1

per EV can be achieved in average. Due to the similarity of high
energy prices with high energy demand in Germany, with an oper-
ation strategy of maximal revenues for vehicle owners, the average
fluctuation of the national grid is additionally reduced by 12%.

In the following the parameter variation is shown for a varying
share of the battery for V2G service and different yearly driven dis-
tances. An assumption is that enough battery storage capacity is
available at any instance, so that the minimum amount of energy
which is required to trade at the stock exchange is met. The incen-

tives hereby for the utility supplier is, that he can use the storage for
energy trading and therefore as grid support (with a maximum pos-
sible reduction of the fluctuations of the grid 12% for 1 mil. EVs). The
incentives for the vehicle owner is, that he receives the V2G activity
revenues due to trading at the stock exchange. In Fig. 7 the differ-
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ig. 8. Differential costs per kilometer of the electric vehicle minus conventional
iesel without battery degradation.

ntial costs in EUR2009 vkm−1 of an electric vehicle minus those of
conventional diesel vehicle with the settings described in Table 2

s shown. If the differential costs are zero, the yearly costs of the EV
qual those of the conventional diesel. The battery degradation is
ereby included as described in Section 2.3.

It can be seen, that with no V2G service, the vehicle should be
riven at least about 10.000 vkm in 1 year to compensate the higher

nvestment cost of the EV compared to the conventional diesel. For
igher yearly driven distances, the advantage of the low operation
osts of the EV result in lower costs per vkm of the EV than those
f the conventional diesel. An additional usage of the storage for
2G service results for low shares of the battery (less than 20%) in
small reduction of the differential vkm costs. However, due to the

ncreased storage use, the impact of the higher battery degradation
s noticeable if the share of battery for V2G service increases over
0%. The higher battery degradation hereby equals out the bene-
t of using the storage for V2G service. The main impact on the
ost per vkm are the battery costs and the assumptions on battery
egradation.

In Fig. 8 the differential costs are shown without considering
he impact of the battery degradation. Especially for small yearly
istances driven and high share of the battery for V2G service, the
dvantage of using the amount of energy, which is not used for
riving, for trading energy at the stock exchange can be noticed.
or example, if about 60% of the idle battery capacity is used for
2G service (yearly driven distance 10.000 vkm), the differential
osts per vkm drop about 1 EURct2009. The assumed cost of the bat-
ery (217 EUR2009 kWh−1) is the goal in Germany for the year 2030.
attery costs are varied to a higher level (at 434 EUR2009 kWh−1) to
ee its effect on the results if this goal is not reached (with battery

egradation in Fig. 9 and without battery degradation in Fig. 10).

The difference in battery cost of 217 and 434 EUR2009 kWh−1

esults in a shifting of the equalized differential costs to higher
early distances driven. On the one hand, to reach lower costs of
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ig. 9. Differential costs per kilometer of the electric vehicle minus conventional
iesel (high battery cost of 434 EUR2009 kWh−1, including battery degradation).
Average yearly distances driven [thousand vkm]

Fig. 10. Differential costs per kilometer of the electric vehicle minus conventional
diesel (high battery cost of 434 EUR2009 kWh−1).

the EV the yearly distances driven have to be almost 45,000 km.
Also as can be seen in Fig. 10, the lack of battery degradation does
not have a significant impact on the differential costs as for lower
battery costs.

To conclude, it can be seen, that for low battery costs of
217 EUR2009 kWh−1 the electric vehicle displays lower costs, if the
yearly distances driven is high. The battery degradation has a large
impact on the differential costs, which results even in higher costs
per vkm of the EV than those of the conventional diesel, if a large
fraction of the battery is used for V2G service. Due to uncertainties
related to battery degradation the results are also shown without
any battery degradation. Hereby the positive impact of V2G service
on the costs of the EV is noticeable. However, it must be said that
the impact is low and largely depending on the assumptions about
the battery size and connection to the grid.

High battery costs (e.g. 434 EUR2009 kWh−1) results in high costs
of the EV, which can only be equalized to those of the conventional
diesel for yearly distances driven over 45,000 vkm. On the other
hand, the favorable effects of trading energy at the stock exchange
are reduced to almost zero, even without a battery degradation.

4. Conclusion

Due to the high plug-in availability of passenger cars in Germany
with the introduction of electric vehicles, a large storage potential
at any instance can be achieved. However to reach a high overall
storage power and capacity the supply of electricity (e.g. at stores
or at work) has to be secured. Therefore, the need for investments
into supply facilities is needed in advance to reach the high plug-in
availability. The charging of the electric vehicles can have posi-
tive as well as negative effects on the grid. Without any charging
strategy the fluctuations of the grid can increase immensely, which
requires a charging strategy. Using the vehicle to trade energy at
the stock exchange has positive impacts on the costs per kilometer,
which however are low. An important issue, which has to be ana-
lyzed in detail is the battery degradation. Hereby open questions
remain such as how the charging of the vehicles and the usage of
the battery for V2G services effect the battery degradation. Future
research also needs to be accomplished in benefit models for V2G
services for example about benefits of a vehicle, which is used to
secure the system stability.

To conclude, there are numerous options to use vehicles when
they are plug-in available. In this paper the V2G option to trade
energy at the stock exchange was examined. The results showed
that there can be favorable impacts on the economic performance of

an electric vehicle. However, the impact is very low. But the results
also showed, that it is mandatory to reach low battery costs. Also
the German grid is not ready to adequately assess the benefit which
can result out of the integration of electric vehicle into the grid. To
promote the adoption of electric vehicles, the assets and drawbacks,
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