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a b s t r a c t

Large-scale sustainable energy systems will be necessary for substantial reduction of CO2. However,

large-scale implementation faces two major problems: (1) we must replace oil in the transportation

sector, and (2) since today’s inexpensive and abundant renewable energy resources have fluctuating

output, to increase the fraction of electricity from them, we must learn to maintain a balance between

demand and supply. Plug-in electric vehicles (EVs) could reduce or eliminate oil for the light vehicle

fleet. Adding ‘‘vehicle-to-grid’’ (V2G) technology to EVs can provide storage, matching the time of

generation to time of load. Two national energy systems are modelled, one for Denmark, including

combined heat and power (CHP) and the other a similarly sized country without CHP (the latter being

more typical of other industrialized countries). The model (EnergyPLAN) integrates energy for

electricity, transport and heat, includes hourly fluctuations in human needs and the environment

(wind resource and weather-driven need for heat). Four types of vehicle fleets are modelled, under

levels of wind penetration varying from 0% to 100%. EVs were assumed to have high power (10 kW)

connections, which provide important flexibility in time and duration of charging. We find that adding

EVs and V2G to these national energy systems allows integration of much higher levels of wind

electricity without excess electric production, and also greatly reduces national CO2 emissions.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

To mitigate climate change and reduce dependence on external
energy supplies, many countries have adopted policies to increase
both energy conservation and the share of renewable energy
resources (Da Silva et al., 2005; Duic et al., 2003, 2005; Gross,
2004; Hvelplund and Lund, 1998; Lund et al., 1999, 2000, 2003,
2005; Toke, 2005). In some countries and regions e.g. in the EU
such policies moreover include increasing the share of combined
heat and power (CHP). With a high share of both wind power and
CHP Denmark is one of the frontrunners in the implementation of
such policies, and thus serves as valuable national case study of
large-scale integration of new energy technologies.

Danish energy supply was traditionally based on the burning of
fossil fuels. Denmark has very little hydro power potential and
during the 1960s and 1970s the electricity supply came solely
from large steam turbines located near the big cities. However,
after the first oil crisis in 1973 Denmark has become a leading
country in terms of implementing CHP, district heating,
energy conservation and renewable energy. With these changes,
ll rights reserved.

45 9815 3788.
Denmark has been able to maintain the same total primary fuel
consumption (for all uses, including transportation) for a period of
more than 35 years. More than 15% of oil consumption has been
replaced by renewable energy and even more by coal and natural
gas, and consequently the Danish energy system has been
changed from the situation in 1972, in which 92% out of a total
of 833 PJ was oil, to the situation of 2006 in which only 40% is oil.
In the same period both transportation, electricity consumption as
well as the area of heated space have increased substantially.
Today the share of Danish electricity production from CHP is as
high as 50% on an annual basis, and approximately 20% of the
electricity demand is supplied from wind power (Lund, 1999,
2000; Lund and Andersen, 2005; Lund and Ostergaard, 2000;
Lund and Hvelplund, 1997; Maeng et al., 1999).

However, if Denmark is to proceed in replacing more fossil
fuels by renewable energy, two problems arise. One is the
transportation sector, which is almost totally fuelled by oil.
Consumption was 140 PJ in 1972 and is expected to be 180 PJ or
more in 2020. Thus the transportation sector will account for
almost all the expected oil consumption.

The second problem is the integration of electricity production
from CHP and wind power. Due to the relatively high wind
penetration, and the fact that CHP was not operated for balancing
until recently, Denmark has had problems of maintaining a
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Nomenclature

DEV transportation demand of electric cars in TWh/year
(demand from the grid)

dEV the distribution of the transportation demand in 8784
hourly values.
(The numbers are relative e.g. each ranging 0–1.)

Pline the power capacity of the grid connection to vehicles
in MW

V2GDrivingShare the maximum share of V2G cars which are
driving during peak demand hour

ZCharger the efficiency of the grid to battery connection
(charger)

ZInverter the efficiency of the battery to grid connection
(inverter)

ES the capacity of the battery storage in GWh
V2GConnection-Share the share of parked V2G cars connected to

the grid
eEV hourly transportation demand
pV2G hourly power capacity of V2G grid connection
eCharge hourly changing of V2G
eCEEP hourly excess electricity production
ES-min necessary minimum battery content
ePP hourly power plant production on NON-CHP plants
eInv hourly electricity production from V2G
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balance between electricity supply and demand. So far Denmark
already has faced excess electricity production. As is known to
those familiar with regions having high penetration of wind
power, the problem of excess wind is more difficult to manage
than insufficient wind. Excess wind is not a threat to system
reliability, as it can always be ‘‘spilled’’ by feathering turbine
blades. Rather, excess wind means that the system design has not
achieved the best economic return on wind capacity investment
and has not minimized emissions. The other aspect of electricity
integration, more specific to Denmark, is the high proportion of
CHP. Although efficient, CHP must be operated for heating, so
during cold periods with low electric demand, CHP, like wind, may
contribute to excess electricity production.

To minimize excess electricity production, Denmark has
already implemented several measures, including changes in the
regulation of distributed CHP plants (Andersen and Lund, 2007;
Lund and Andersen, 2005). Additional technological options
analyzed and considered to date include electric boilers and heat
pumps (Blarke and Lund, 2007; Lund, 2003; Lund and Münster,
2003a), flexible demand, electricity for transportation (Lund and
Munster, 2006; Mathiesen et al., 2008), reorganising energy
conversion in relation to waste treatment (Münster, 2007) and
various energy storage options (Mathiesen and Lund 2007).

‘‘Vehicle-to-grid’’ (V2G) power technology is one of the many
energy storage technologies, which may be part of making a
flexible energy system that can better utilise fluctuating renew-
able energy sources. V2G is built on top of plug-in electric drive
vehicles (EVs), which already displace petroleum by using
electricity as the carrier for transportation energy. V2G refers to
adding the capability to deliver power from the vehicle to the grid,
but ‘‘V2G’’ is also used to imply that power flow, whether to or
from the vehicle, is controlled in part by needs of the electric
system, via a real-time signal. Consequently, the V2G technology
provides potential solutions to both the problems mentioned
above. Apart from two brief deterministic calculations (Kempton
et al., 2007; Kempton and Tomic, 2005b) and one unpublished
report of a US national model (Short and Denholm, 2006), there is
no published model of how large-scale V2G would affect an entire
national energy system.

This paper focuses on battery electric cars, but V2G may also be
drawn from fuel cell vehicles or plug-in-hybrid vehicles. For
battery cars, the grid-connected batteries charge during low
demand hours and discharge when power is needed. Each vehicle
must have three required elements: a connection to the grid for
electrical power flow, control or logical connection for commu-
nication with the grid operator and auditable meters for power
metering on-board the vehicles. The operational control logic
must allow the grid operator some control, but override grid
operator control in order to, for example, minimize battery wear
or charge to prepare for vehicle operation. In other words,
reliability for the driver must be maintained for each individual
vehicle, whereas reliability for the electric grid is obtained
through aggregation of many vehicles. We assume vehicles with
high power line connections (10 kW) because this provides
flexibility when the vehicle is charged (as well as other
operational benefits like fast recharge during lunch stops on
trips). EVs with 20 kW charging and V2G are already in limited
production. However, contemporary plug-in hybrids are typically
much lower power, 1.5 kW, thus requiring overnight charging with
little time flexibility. The concept of V2G has been described in
detail in references (Kempton and Kubo, 2000; Kempton and
Letendre, 1997; Kempton and Tomic, 2005a, b; Tomic and
Kempton, 2007; Williams and Kurani, 2006, 2007), with the main
governing equations derived in Kempton and Tomic (2005b).
2. Methodology

To evaluate V2G technologies in a national system integrating
wind power requires detailed hour by hour system simulations,
not performed in prior published studies. Such analyses have been
carried out by the use of the EnergyPLAN computer model.

2.1. The EnergyPLAN energy system analysis model

The EnergyPLAN model is a general energy system analysis tool
designed for analysing regional or national energy systems. It is an
input–output model, which uses data on capacities and efficien-
cies of the energy conversions of the system and availability of
fuels and renewable energy inputs. Hour by hour it calculates how
the electricity and heat demands of the complete system will be
met under the given constraints and regulation strategies. In such
analyses the model has a library of wind power hour distributions
based on actual historical power production from Danish wind
turbines. Fig. 1 illustrates the functioning of the model, showing
that it covers interactions among electricity, heat and transport
fuels, although it concentrates on the electrical system. This
makes EnergyPLAN suitable for the combined energy system
analysis needed for the investigation undertaken here.

The result of the calculation is a quantitative knowledge of the
production of the different units. From this, fuel consumption and
fixed and variable operation costs can be calculated, subsequently,
the system-economic costs and CO2 emissions caused by meeting
energy demands can be found. Internal transmission constraints
are not modelled, whereas import and export of electricity can be,
but for this exercise we assume an isolated electrical system. The
model has previously been used in a number of energy system
analysis activities, including expert committee work for the
Danish Authorities (Lund and Münster, 2003a) and the design of
100% renewable energy systems (Lund, 2007b). More information
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Fig. 1. The EnergyPLAN energy system analysis model.
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on the model can be found in Lund (2007a) and Lund and Münster
(2003b). The present version 7.0 of the EnergyPLAN model
including documentation can be downloaded freely from www.
EnergyPLAN.eu.

The EnergyPLAN model requires the following inputs to define
EVs with V2G:
DEV: t
ransportation demand of electric cars in TWh/year (demand from

the grid)
dEV: t
he distribution of the transportation demand in 8784 hourly

values.
(
The numbers are relative e.g. each ranging 0–1.)
Pline: t
he power capacity of the grid connection to vehicles in MW
V2GDrivingShare: t
he maximum share of V2G cars which are driving during peak

demand hour.
ZCharger: t
he efficiency of the grid to battery connection (charger).
ZInverter: t
he efficiency of the battery to grid connection (inverter).
ES: t
he capacity of the battery storage in GWh
V2GConnection-

Share

t
he share of parked V2G cars connected to the grid.
All inputs are expressed for the entire utility system analyzed,
and for the entire vehicle fleet within the service territory of that
utility system. Thus, for example, the maximum system power
capacity Pline is calculated as the line power capacity of a single
car (per (Kempton and Tomic, 2005b)), multiplied by the
maximum number of cars plugged in at any given time. Similarly,
the entire set of batteries is modeled as one big battery, of
fluctuating level of energy stored (ES), charged through the line
connection and discharged during driving as well as when
returning V2G power to the grid.

One important input is the distribution of the trans-
portation demand (dEV), which is used for two purposes.
One is to determine how many V2G cars are driving and
consequently not connected to the grid. This, together with
the V2GDrivingShare (the maximum share of V2G cars that are
driving during peak demand hour) and the V2GConnection-Share

(the share of parked cars that are actually plugged in during
any one hour) determines the fraction of the V2G fleet that is
available to the electrical system at any given hour. The other
purpose for dEV is to determine the discharging of the battery
storage for driving.
2.2. Modeling of transportation demands and charging capacities

The hourly transportation demand and thereby the discharging
of the battery (eEV) is calculated as follows:

eEV ¼ ½DEV dEV=
X

dEV�ZCHARGE (1)

And the grid-connection power capacity of the total V2G fleet
on an hourly basis (pV2G) will be calculated as follows:

pV2G ¼ Pline V2GConnection�Shareðð1� V2GDrivingShareÞ

þ V2GDrivingShareð1� dEV=MaxðdEVÞÞ (2)

This formula consists of three factors. The first factor is Pline, the
power capacity of the entire V2G fleet. This is multiplied by
V2GConnection-Share, the fraction of the parked vehicles that are
plugged in. The third factor, in parentheses, calculates the fraction
of vehicles on the road at each hour. Further decomposing the
third parenthesized factor, it consists of the sum of two terms. The
first term, (1-V2GDrivingShare), represents the minimum fraction of
vehicles parked. The second term is the additional fraction of the
vehicles parked during non-rush hours. The hourly fraction of
vehicles parked is derived from the known input of hourly energy
demand for the fleet. This formula yields pV2G, the power capacity
of all connected V2G vehicles, at any given hour. This is a
calculation of aggregate power capacity from the line capacity and
the plugged-in vehicle count, but not considering whether
sufficient battery charge is available; the latter is treated in the
next section.

The calculation works as described in the following hypothe-
tical example of 1.9 million cars, each with a grid connection of
10 kW and each with a demand of 2 MWh/year in order to drive
20,000 km/year. The charger and inverter efficiencies are each
defined as 0.9, that of a high-efficiency charger/inverter. In total,
the demand for transportation becomes DEV ¼ 3.8 TWh/year, for
an average draw of 434 MW. If we unrealistically assume that
about half of the cars are used for commuting during rush hours,
the distribution of the power use is a peak demand by drive trains
during rush hours between 7:00 and 9:00 in the morning and
between 16:00 and 18:00 in the afternoon, as shown in Fig. 2 for 1
week. (Recall that this is battery demand, not electric system

http://www.EnergyPLAN.eu
http://www.EnergyPLAN.eu
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Demand / discharging of battery in MWh/h
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Fig. 2. Transportation demand and thereby discharging of battery during 1 week;

hypothetical data assuming that over half the cars are used for commuting, at the

same commuting hours.
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Fig. 3. Modeled fluctuation in the power of the grid connection through 1 week,

for three different combinations of the two input parameters V2GDrivingShare, and

V2GConnectionShare.
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demand, as the vehicles are necessarily disconnected from the
grid while driving.)

Based on such inputs, the model will calculate the distribution
of the demand and thereby also the discharging of the battery, as
shown in the next diagram. The integration of the area under the
curve throughout a year to obtain energy drawn from electric
plugs yields 3.42 TWh/year, calculated from 0.9�3.8 TWh/year.

The range and temporal variation of pV2G, the aggregate
national plug connection capacity, is an important parameter
but has not previously been studied. In the limiting case, if at one
instant all 1.9 million cars were connected at 10 kW, the
maximum instantaneous power would be 19 GW. To model this
more realistically, the temporal variation of pV2G is a function of
dEV, and the two parameters V2GDrivingShare and V2GConnectionShare.1

For the simple but unrealistic assumption that both parameters
are 100% (input as 1.0), the variation in power connection over a
modeled week is as shown in the uppermost diagram of Fig. 3.
(V2GDrivingShare is in the figure called V2GMax-Share.) In such case,
the model assumes that all vehicles are driving during peak
transportation demand and, consequently, the grid connection
becomes zero. During low transportation demand, the grid
connection approaches the maximum grid connection Pline,
subtracting the few vehicles that are driving.

Contrary to what one might imagine if stuck in rush hour
traffic, even during peak transportation demand in industrialized
countries, only a small proportion of the vehicles are driving. This
proportion is the parameter, V2GDrivingShare. The remaining cars
are parked and potentially connected to the grid at peak driving
times. In Fig. 3 (the diagram in the middle), the V2GDrivingShare has
been defined to 20%, representing a minimum of 80% of all cars
are parked during rush hours. Since prior research on the United
States (Kempton et al., 2001) and Japan (Kempton and Kubo,
2000) find slightly higher proportion of vehicles are parked,
setting V2GDrivingShare ¼ .20 is conservative, that is, it will slightly
underestimate the power capacity of the grid connection.

In the lowermost diagram of Fig. 3, the input of the share of
parked vehicles that are connected, V2GConnectionShare, has been
changed from 100 to 70% and, consequently, the grid connection is
decreased in general by 30% compared to the middle diagram of
Fig. 3. For typical driving patterns, and if we assume some
financial incentive to stay plugged in when parked, we believe
that the parameters used to produce the lowermost diagram of
Fig. 3 are reasonable.

This set of three figures illustrates the value of the model.
Whereas one might imagine that storage in vehicles would be an
unreliable grid asset because it would fluctuate widely with
1 In the notation of Kempton and Tomic [31], the combination of these two

parameters would be expressed in hours/day as tplug, the hours/day for which the

car is both parked and plugged in.
traffic, when the model is run on realistic driving parameters, and
with the assumption that rate incentives motivate plugging in 70%
of the time when parked, we find that the system aggregate power
connection to the model big battery is relatively constant.
Specifically, with 10 kW per car line capacity in a country the
size of Denmark, the grid connection varies within the range of
10–13 GW.

2.3. Considerations on the modeling of the batteries and loading

before disconnecting

As noted previously, the batteries of the EV fleet are modeled
as if there were one big battery for the entire vehicle fleet. The
battery capacity is modeled as being equal to the sum of all
individual batteries. In reality, the total capacity of the battery is
not available all the time, since some of the cars will be driving,
and can neither discharge to, nor charge from, the grid; others will
need to drive in the next few hours and thus cannot be discharged.
The model assumes for simplicity that the batteries for the cars
are scheduled to be fully charged when they disconnect and start
driving. Consequently, the model would not gain much from
keeping separate account of the proportion of the big battery that
is not connected at each hour, since this part would typically
within the hour have been fully charged anyway. For the small
fraction of cars driving for more than 1 h, they will discharge a bit
from 1 h to another, leading to lower total charge in reality than
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modeled here. Another assumption is that cars are grid-connected
when not driving, in other words, that locations of long daytime
parking, such as employer lots and mass transit stations, would
have grid connections. In fact, for some daytime parking locations
this may not be practical. If one wanted to approximate such
factors in the model, one could simply make a small reduction in
the input value for the capacity of the battery, ES.

The model is required to make sure that the individual car is
fully charged before disconnect. For the night charge BEV, this is
accomplished by the simple means that the vehicle is fully
charged early each morning (regardless of time of day of first daily
trip). For the Intelligent Charging and the V2G cases, the batteries
are charged during times the grid has excess electric power
production. However, when there is not excess power production,
the model has to make sure that the batteries are fully charged
prior to driving periods.2

The model assumes that the scheduler on each car is 100%
accurate about when the driver will need to drive again. There-
fore, the scheduler is assumed to prioritize charging for the cars
that will drive again within the next few hours, so if there is only a
small amount of excess wind, it is directed to the cars that will be
in use next. That is, during each hour, the model inspects the next
e.g. 2 hours’ driving needs, and if there is not enough in the big
battery to fill the batteries of these cars completely, then the
charging is forced even in the case of lack of excess production.
Specifically, if needed, fossil fuel power plants will be switched on
if there is not enough excess wind. Thus the simplifying
assumption that each car about to drive must be fully charged,
regardless of range need, increases CO2 emissions in the model,
and reduces unfilled battery storage thus reducing ability to
absorb excess electricity.

Alternative methods for identifying the charge level needed at
trip start, not modeled here, include predictive scheduling by an
on-board module for driver tracking, or the individual car owner
choosing between low costs of charging or revenue from V2G
versus security of fully charged batteries. The car owner could do
this by setting price thresholds and/or limitations to override the
computer control of the car (Kempton and Letendre, 1997).
(Note: Even where electricity prices are high and petrol prices
include little tax, as in the United States, electricity is far less
expensive than petrol, e.g. 1/5 the cost per mile.)

In the model, the necessary hours of ‘‘pre-charging’’ is found by
trial-and-error. The model starts by assuring that the battery
always has a minimum charge only that needed to supply driving
1 h in the future; if this results in lack of battery content the
number is raised to 2 h, etc. The number of hours becomes a result
of the calculation. In an optimized electric control system, the
number of hours prior to driving might also be determined system
wide by weather forecasts regarding anticipated wind for the next
few hours, and for individual cars, precharging need might be
determined by factors such as that driver’s predictability of next
trip. We do not consider such refinements here.

2.4. Modeling of V2G control strategies

For each hour, the model calculates as follows. The V2G cars
are told to charge where there is excess electricity production for
that hour (eCEEP), and available battery energy capacity for that
hour (ES–eS) within the limitations of the hourly power capacity of
vehicles connected (pV2G). (Note: Lower case energy units are
2 In a future refinement of the model, we may assume that the vehicle

controller is able to infer how much vehicle range is needed and would not fully

charge when: there is no excess production and vehicle use is highly regular. For

example, if intercity trips are taken only on Saturdays, the battery would not need

to be fully charged for weekday mornings.
calculated for each single hour.) Thus, the hourly amount of added
charge takes the minimum of these three values:

eCharge ¼min½eCEEP; ðES � eSÞ=ZCharge; pV2G� (3)

(Note: Since the model runs on an hour-by-hour basis, power units
such as pV2G, expressed in MW, are implicitly multiplied by 1 h to
yield units of MWh.)

Moreover (as mentioned above), the charging is forced in the
case in which the transport demands of the present and the next
‘‘y’’ hours cannot be supplied by the battery content. Initially, the
‘‘y’’ value is set to 1 h. As noted above, if this leads to lack of
battery content the value is raised in steps of 1 h.

The necessary minimum battery content is calculated as

ES�min ¼

x ¼ a
P

eEV

aþ y

(4)

Then the charging of the battery is adjusted accordingly, by
requiring that

eChargeX½ES � ES�min�=ZCharge (5)

If eCharge becomes higher than the capacity of the grid
connection pV2G then the number of hours, y, is raised by one,
and the calculations starts all over again. The new battery content
is then calculated by adding the above charging and subtracting
the discharging caused by driving (eEV):

ES ¼ ES � eEV þ ðeCharge=ZChargeÞ (6)

The V2G cars are told to supply to the grid in the case of
potential replacement of production from power plants (ePP) and
available stored electricity in the battery after supplying the
transportation demand:

eInv ¼ min½ePP; ððES � ES�minÞZInvÞ;pV2G� (7)

And the resulting new battery content is then calculated as
follows:

ES ¼ ES � ðeInv=ZInvÞ (8)

To correct the calculations from errors due to differences in the
battery storage content between the beginning and the end of the
calculation period (one year), the above calculation is repeated
until the storage content in the end is the same as in the
beginning. Initially, the storage content is defined as 50% of the
battery storage capacity. After the first calculation, a new
beginning content is defined as the resulting content in the end
of the former calculation. Such procedure is repeated until the
difference is insignificant. Typically the model only needs to run
twice through the calculation period to make a balance.
3. Data and assumptions

For the analysis we define two national energy systems and
four vehicle fleet alternatives. The four fleets are combustion cars
in the reference case, compared with three cases of battery
electric vehicles: night charging, intelligent charging and intelli-
gent charging with V2G.

3.1. Two example national energy systems

Two national energy systems are selected for the analysis of
the potential influence from BEV’s with V2G on the integration of
renewable energy into the transport and electricity sectors. The
first reference energy system has a high share of CHP production,
much like that of Denmark as projected for 2020.
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In 2001, on request of the Danish Parliament, the Danish
Energy Agency formed an expert group to investigate the problem
of excess electricity production arising from the high percent of
wind power and CHP in the Danish energy system (Danish Energy
Agency, 2001). As part of the work, Aalborg University made some
long-term year 2020 energy system analyses of investments in
more flexible energy systems in Denmark (Lund and Münster,
2001). These analyses were carried out on the EnergyPLAN energy
system analysis computer model. As reference for the analysis the
expert group defined a Danish future year 2020 energy system in
accordance with Danish long-term energy policies and strategies.
Compared to the present situation, the reference case is
constituted as
�

Tab
Ref

Key

Elec

Dis

Exc

Prim

Win

Fue

Fue

Fue

Fue

Fue

Tot
Danish electricity demand is expected to rise from 35 TWh in
year 2001 to 41 TWh in year 2020 equal to an annual rise of
approximately 0.8%.

�
 The installed capacity of wind power in year 2001 is expected

to rise from 570 to 1850 MW in East Denmark and from 1870 to
3860 MW in West Denmark in year 2020. The increase is
primarily due to the implementation of one 150 MW off shore
wind farm each year.

�
 Existing large coal-fired CHP steam turbines are replaced

by new natural gas fired combined cycle CHP units when
the lifetime of the old CHP plants is exceeded. Additionally,
small CHP plants and industrial CHP are due to a small
expansion.
In 2001 the expert group conducted the analyses separately on
the western and the eastern parts of Denmark, which have
separate electricity grids. For practical reasons the analysis
in the following has been made for a joined system including
all of Denmark. Moreover, the expert group only included
analyses of the electricity system. Here, for a more integrated
energy system view, data for the rest of the energy sectors
including the transport sector have been added on the basis
of the former Danish governmental energy plan ‘‘Energy 21’’
(Danish Government, 1996).

The Danish reference case, with its high share of CHP, is not
typical for most countries. Therefore, a NON-CHP reference has
been defined simply by replacing all CHP in the Danish system by
heat production from district heating thermal boilers and
electricity production from power stations. The second national
reference system is set at the same total size as the Danish energy
system, for comparison purposes. The parameters of the two
reference systems are listed in Table 1.
le 1
erence national energy systems (units are TWh/year)

CHP system Non-CHP system

(Denmark 2020)

figure

tricity demand 41.09 41.09

trict heating demand 39.92 39.92

ess electricity production 8.41 0.93

ary energy supply

d power 17.72 17.72

l for CHP and power plants 92.29 102.32

l for households 19.67 19.67

l for industry 20.22 20.22

l for transport 50.68 50.68

l for refinery, etc. 17.39 17.39

al 217.96 228.00
In the EnergyPLAN model different limitations on power plant
regulation can be defined. Here the analyses assume that the
power plants can change production from 1 h to another to
compensate fluctuations in wind power. However, a limitation of a
minimum capacity of 550 MW (4.8 TWh/year) has been defined.
Such limitation represents a system of steam turbines as the
Danish in which always 5–6 power plant units is above technical
minimum production. In the analyses, such minimum capacity
has been applied to both the CHP and the NON-CHP system. In the
CHP system the CHP units are operated to meet heat demands
only, not regulation.

3.2. Transport demands and vehicles

The modeling of transportation demands is based on Danish
statistics. In year 2001 the number of private cars in Denmark
between 800 kg and 2 ton were 1,872,631 and they were used to
drive 38,036 million vehicle km leading to an average of
20,300 km/year per vehicle. Based on an average of 14 km/l
gasoline each car consumed 1450 l/year. Consequently, the
reference is constituted by 1.9 million combustion cars each
driving 20,000 km/year and in total consuming 2700 million liter
gasoline equal to 25.5 TWh/year. The reference combustion
vehicle fleet is compared to four electric vehicle alternatives:
�

(ww

kW

eBo
REF: Reference combustion vehicle fleet

�
 BEV: Battery Electric Vehicles, with Night Charge

�
 InBEV: Intelligent Battery Electric Vehicles

�
 V2G: Vehicle to Grid cars

�
 V2G+: Vehicle to Grid cars with 3� larger battery
All but the combustion case will sometimes be referred to as
EVs. All EVs except V2G+ (discussed later) are assumed to have a
battery of 30 kWh and a grid connection of 10 kW. The EVs have an
efficiency of 6 km/kWh3 and consequently consume 3333 kWh/
year in order to drive 20,000 km. Based on such statistics and
assumptions, the reference fleet and three alternative vehicle
fleets have been defined as shown in Table 2.

The charging of the night charge BEV is assumed to be done
following the charging schedule shown in Fig. 4. This is based on
vehicles starting to charge after 4 pm and when plugged in, and
continuing slowly until the battery is fully charged. The control to
accomplish this could be as simple as a plug with a timer, or a
utility-supplied time-of-day meter that, for a lower cost per kWh,
only allows electricity use overnight. The night charge ramp up is
modeled for the big battery in the aggregate, but it can equally be
thought of as a proxy for gradually increasing the number of
vehicles connected, then decreasing charge as they start becoming
fully charged.

Unlike the night charge, the InBEV and V2G charging is based
on signals from the electric system as described above. The InBEV
recharges as much as possible when there is excess power. The
V2G does this, and additionally provides power back to the grid
when there is not enough power, from power plants, wind or
running CHP plants.

For the aggregated national demand for transportation, we
used time-specific driving data from the US (data for transporta-
tion demand for the model here draws from table A-12
‘‘Distribution of Trips by Time of Day, in Percent’’ of US
Department of Transportation Statistics (USDepartment of
3 The all-electric two-seat Tesla Roadster claims 110 wh/km or 9 km/kWh

w.teslamotors.com). However, for a four-passenger light-weight sedan, 6 km/

h is more realistic; for example, this is the road efficiency of the AC Propulsion

x demonstrated in our tests at the University of Delaware.

http://www.teslamotors.com
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Table 2
Input parameters of transportation reference case and three alternatives

REF BEV InBEV V2G

Reference Night charge Intelligent charge Vehicle to grid

Number of vehicles 1.9 million 1.9 million 1.9 million 1.9 million

Average use 20,000 km/year 20,000 km/year 20,000 km/year 20,000 km/year

Vehicle efficiency 14 km/l 6 km/kWh 6 km/kWh 6 km/kWh

Gasoline consumption 25.5 TWh/year 6.33 TWh/year 6.33 TWh/year 6.33 TWh/year

Electricity consumption 19 GW 19 GW 19 GW

Charging capacity 57 GWh 57 GWh 57 GWh

Battery storage 19 GW

Discharging capacity

BEV recharging

0

0.5

1

1
hour

kW
/v

eh
ic

le

4 7 10 13 16 19 22 25 28 31 34 37 40 43 46

Fig. 4. Charging of night charge BEV. The cycle is repeated.
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Transportation, 2003)). Although driving patterns may be some-
what different in Denmark and the US, we felt that real hourly
data were better than a simulation or assumptions. Previously, in
Fig. 2, we illustrated the method for a hypothetical fleet in which
we assumed a large fraction of vehicles were commuting during
rush hours. Fig. 5 shows actual transportation demand, which we
use in the analysis undertaken. (Fig. 5 shows that rush hours
comprise under 1.1% of weekly travel demand, thus under 8% of
daily demand—this suggests, consistently with the previously
cited references, that over 90% of cars are parked at any hour.)
These transportation demand data are used in combination with a
70% connection share and a conservative 20% share of cars driving
(not parked) during rush hours as explained above.
4. Results

In both the CHP and the NON-CHP system the impacts of EVs
and V2G are calculated for a range of wind power from 0 to
45 TWh/year, on a national system the size of Denmark. A total of
45 TWh/year would be approximately 100% of Danish national
electrical demand in 2020, including the electric vehicles; it is the
equivalent of an average power output of 5.2 GW. (Without the
electric vehicles, 2020 demand would be 41 TWh.) The energy
system analyses provide results for all units in every hour of the
year.

The model results for the entire energy system are given here
in graphs of two critical measures—annual excess production and
CO2 emissions. Low excess production is a measure of whether
high fractions of wind are effectively achieving revenue and
reducing CO2 emissions, without need for more intercountry
transmission.

Consider first the top of Fig. 6, excess electricity production in
the CHP system. As the fraction of wind power increases beyond
about 5 TWh, the excess production of electricity increases.
Following the dark line for the REF case, at 10% wind (about
5 TWh), there is a little excess, whereas at 50%, (22.5 TWh) a
substantial fraction of the wind power is excess production. The
other lines show that excess production is reduced successively by
BEV with night charge, BEV with intelligent charging and with
V2G. Most simply, the excess production decreases in part
because cars are an added load, themselves increasing electricity
demand from 41 TWh/year to approximately 47 TWh/year.
Additionally, each refinement of the vehicle fleet successively
reduces excess production. The combined reductions are signifi-
cant. For example, in the 50% wind scenario, changing from the
reference combustion fleet to V2G reduces excess electricity
production by one half.

The BEV with night charge does better than one might
expect, significantly reducing both excess production and CO2

emissions (Fig. 6, bottom). From the night charge line the
incremental benefit to intelligent charging and from there to
V2G are small. These results suggest that the ability of EVs to
absorb excess power from wind may be at least as important as
their ability to return bulk power at times of need. However, the
small additional decrement via V2G is also due in part to the
model assumptions at this point. The ‘‘night charge’’ is actually
more intelligent than current plug-in vehicles, as our model
assumes charging only after 5 pm, when there is likely to be more
excess production and a higher fraction of power is from wind.
Also, the small incremental benefit from intelligent charging to
V2G is due in part to our not yet including the ability of V2G to
provide regulating power.

The bottom half of Fig. 6 shows CO2 emissions in the CHP
system. The reference (combustion) vehicle case, the solid dark
line, shows that with no electrical vehicles, increasing wind
generation reduces CO2 emissions. However, the slope of CO2

reduction begins to level off about 10–15 TWh of wind and is
almost flat by 3/4 wind (33 TWh). Again, the addition of night
charge BEV and more so intelligent charging and V2G will all
substantially reduce the CO2 emissions.

The leftmost edge of Fig. 6 (bottom), with 0 TWh of wind,
depicts the CO2 impact from the replacement of petroleum-fueled
cars to electric cars. The 0 point shows how much reduced CO2 is
achieved by displacing petrol. This 0 wind reduction is sub-
stantial—despite the power plants being fueled by fossil fuel—
due to the much better vehicle efficiencies (one electric vehicle
displaces 13,000 kWh of gasoline with 3333 kWh electricity). This
band between REF and V2G grows as the proportion of wind
power increases, because an electric fleet has increasingly
beneficial CO2 impact as more electricity comes from wind. In
Fig. 6 the REF-V2G band on the right is almost twice the height
that it is at the left edge, and we will see in Fig. 7 that the right
band is more than twice the height as the left. This means that the
direct CO2 reduction from completely eliminating motor fuels is
less than the indirect effect that EV and V2G have on reducing CO2

from electric generators. In Fig. 7 the results are shown for the
NON-CHP system. The NON-CHP system is more typical of
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One Weeks Transportation Demand (US year 2001)
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Fig. 5. Hour distribution of the transportation demand based on US statistics.
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Fig. 6. CHP system, annual excess electricity production (top) and CO2 emission

(bottom) as electricity from wind power increases.
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Fig. 7. NON-CHP system, annual excess electricity production (top) and CO2

emissions (bottom) as electricity from wind power increases.
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industrialized countries, with heat provided by independent
devices (in this case district heating) rather than combined with
power plants. CHP is more efficient, so at the base of 0 wind
power, the CHP system has considerably less CO2 emissions, and
this continues throughout the range of wind power levels.
(Given the assumptions of the model, including that fuel is
burned for building heat in the NON-CHP system, and given than
the CHP model is based on Denmark, with its high 50% of annual
electric demand produced in CHP.) On the other hand, excess
electricity production begins earlier in the CHP system, before
reaching 5 TWh of wind (for combustion cars), and the excess is
considerably higher at high wind power production. This is
because electricity production from CHP adds to the excess wind
production. To avoid excess CHP production, one will have to
replace heat production from CHP by peak load boilers that do
not produce electricity—at low wind fraction this will miss the
fuel efficiency of CHP, although at high wind fraction, heating
could run from wind electricity—not modeled here—further
lowering CO2.
The addition of EVs has a larger effect, proportionally, in the
NON-CHP system. Even at high wind fractions, say 3

4 of electricity
or 34 TWh from wind, with V2G there is still 12 TWh of excess in
CHP but only 4 TWh excess in NON-CHP.

The introduction of all types of EVs leads to reduction of both
excess production and CO2 emissions for high shares of wind.
However, the influence does not nearly zero out either excess
power or CO2. The flatter lines toward the right mean that the
beneficial effects of the EVs are incrementally less as the fraction
of wind moves higher.

One important factor in this limitation is the capacity
limitation in the battery storage. In Fig. 8 the impact of a V2G
fleet with our base characteristics has been compared to the
impact of a V2G fleet with a storage capacity three times higher
(here called V2G+), i.e. 90 kWh/vehicle or 171 GWh all together.
A 90 kWh vehicle would be sensible in that it would have a
540 km range and thus would more completely substitute for a
liquid-fuel or plug-in hybrid vehicle. (It would not be practical
today due to battery cost as well as battery weight, but the
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Fig. 8. V2G impact on annual excess electricity production in the NON-CHP system

compared to a system with three times higher battery storage capacity (V2G+).
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Fig. 9. V2G impact on annual excess electricity production in the CHP system

compared to a system in which V2G cars are combined with active regulation of

CHP plants including heat pumps and heat storage (Kombi).
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technology is improving rapidly.) As seen in Fig. 8, such increase in
the storage capacity significantly reduces excess consumption
(and CO2 emissions, not shown here).

Additional limits on the model are that it assumes that the CHP
plants are not included in the regulation of wind power and the
small CHP plants do not contribute to the fulfillment of
maintaining grid stability. To examine the effect of the first of
these, the same analysis has been conducted for alternative
situations in which the CHP plants are included in the regulation
and in which heat pumps and heat storage capacities have been
added to the system. From several analyses, heat pumps in
combination with heat storage and CHP have proven to be a very
efficient technology in the integration of wind power. Heat pumps
adds the possibility of consuming excess electricity at the same
time as it produces heat and thereby allow the CHP units to stop.
Consequently, such investments decrease the excess production as
well as the CO2 emissions in general. However, the results of
including BEV and V2G are similar in all alternatives.

In Fig. 9 is shown how the combination of V2G with active
regulation of CHP plants including heat pumps and building heat
storage together (called here ‘‘Kombi’’) will significantly reduce
excess electricity production for even very high shares of wind
power.

All together the analyses show that EVs with at least night
charging, and more so V2G, will improve the efficiency of national
energy systems, reduce CO2 emissions and improve the ability of
those systems to integrate large proportions of wind power.
Moreover, V2G can be combined with other measures such as heat
pumps and active regulation of CHP plants, so that they together
form a coherent solution to the integration of wind power into
sustainable energy systems.
5. Conclusion

This paper has designed a suitable modeling of electric vehicles
with three types of controls, in order to conduct detailed hour by
hour overall system analyses of the impact of V2G on national
energy systems. The model has been applied to two national
energy systems, one without CHP and the other with a high share
of CHP, the latter based on Denmark. For both systems, the model
is run for 100% electric vehicles, assuming high power (10 kW) and
substantial on-board storage (30 kWh), and with national elec-
trical demand increased accordingly. The impacts of EVs are
calculated for a range of wind power from 0 to approximately
100% of the electricity demand, and for the reference case of
combustion vehicles, as well as four variants of electric vehicles.

Altogether the analyses show EVs with night charging, and
more so with increasing intelligence including V2G, will improve
the efficiency of the electric power system, lower CO2 emissions
and improve the ability to integrate wind power. In a less detailed
final analysis, V2G was combined with other measures such as
heat pumps and active regulation of CHP plants, showing that end
use integration, combining building and transportation end-uses,
can form a coherent solution to the integration of wind power into
sustainable energy systems, and that very high levels of wind
power are possible, even without centralized storage or regional
electric interties. (Denmark is connected by transmission North
and South, and would deal with ‘‘excess’’ by selling electric power;
our model assumes no international electric transfers in order to
understand how to minimize the need for them.)

The assumptions in this first application of the national energy
model to V2G are conservative, that is, these assumptions
probably lead to underestimate the value of V2G. First, the most
important advantage of V2G over simple EVs may be complete
replacement of regulating power stations, using V2G to provide
grid stability (both voltage and frequency). Such benefit has not
been included in the model analysis for this paper. Second, it was
assumed that the vehicle V2G controllers were not smart about
their drivers’ operating schedule, thus they were required to fully
charge the battery each morning. Thus more power plant
operation was required during nights with little excess electricity,
and less battery capacity was available during the day to absorb
excess. These are possible future refinements to the model and
analysis. Despite the conservative effects of these simplifying
assumptions, an EV fleet with some intelligence (at a minimum
night charging, ideally with V2G) appears to move us much closer
to low-carbon national energy systems. Intelligent EVs can help
minimize excess production and CO2 emissions. V2G, along with
some end-use heat storage and management, constitute a carbon-
free and far lower-cost alternative to expansion of fossil
generators for balancing, or to building dedicated centralized
storage.
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