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Abstract—Plug-in Hybrid Electric Vehicles (PHEVs) are
emerging as a promising alternative for the existing transporta-
tion system. This technology is envisioned to run on electricity
from the grid, stored in high capacity batteries, for short trips and
switch to a conventional fuels for long trips. Thus, the demand
for electricity will significantly grow if this technology is adopted
widely. Although, PHEV technology is generally considered to be
more environmentally friendly than conventional transportation
systems, especially in regions with a diverse electric power gen-
eration fleet, the environmental impacts of such wide integration
of PHEVs need to be investigated in thermal-dominated systems,
such as Alberta’s. This paper studies the potential environmental
impacts of the wide adoption of PHEVs in the context of Alberta,
given the 90% share of thermal units and the growing interstes in
wind power developments in the province. Various scenarios are
considered for supplying the required energy for PHEVs and the
resulting gas consumption and emission reductions are estimated.

Index Terms—PHEV, Wind energy, Emission.

I. I NTRODUCTION

DURING recent years, several factors have led to in-
creased interest to decrease oil consumption. The sig-

nificant dependency of the economy on the oil price in
conjunction with growing pressure to lessen greenhouse gas
emissions have strengthened the search for alternative energy
resources. On the other hand, since the majority of the oil
consumption is related to refining the oil into gasoline to power
the transportation systems [1], [2] changing the source of the
energy of passenger vehicles seems to be a reasonable way to
control and reduce the amount of the fossil fuel consumption
in this sector.

In recent years, PHEVs have been introduced as a promising
technology which use electricity as a replacement for a sig-
nificant fraction of fossil-based energy source [3]. A PHEV
is a hybrid electric vehicle with the ability to recharge its
electrochemical energy storage from an electrical outlet.The
vehicle can drive on electricity mode for a while with the
capability of switching to gas after depletion of the charged
power. Aside from potential environmental benefits of adopt-
ing PHEV technology, from the grid perspective, charging
and discharging PHEVs into the gird, or the vehicle-to-grid
(V2G) [4] concept, can potentially help the system operator
in several ways. For example, the benefits of discharging
PHEVs into the grid to improve the system security have been
investigated in [5]. In [6] the contribution of electric vehicles

Authors are with the Department of Electrical and Computer Engineering,
Schulich School of Engineering, University of Calgary, Calgary, AB, Canada;
(e-mail: mhajian,h.zareipour, rosehart@ucalgary.ca).

to supply the peak power, spinning reserve and regulation has
been discussed and also the available capacity, the revenue
and cost associated with vehicles to participate in each of
those markets are calculated. In [7] the application of PHEVs
to support the reactive power for the grid by changing the
power factor in power electronic converters is examined. One
of the most interesting point of view regarding PHEVs is
that how this technology can be employed to mitigate the
intermittency of the wind power. In [8], based on the amount
of the regulation and spinning reserve required to deal with
the intermittency of the wind [9], the authors calculate the
number of electric vehicles to handle variations of the wind. In
[10], considering the PHEVs as providers of reserve services to
the system, the maximum feasible wind generation expansion
in long run is estimated. In addition, the required energy for
charging PHEVs is linked to wind energy, based on which the
amount of emissions as a result of wind energy shortage is
derived. In [10], the annual energy requirement of the PHEVs
is matched with the annual wind energy production. However,
the availability of the PHEVs for using the wind energy or
availability of wind energy when is needed to charge the
PHEVs is not considered in [10].

In this paper, environmental impacts of large-scale adoption
of PHEVs in Alberta are investigated. Given the dominant
share of thermal generators, and the growing integration
of wind-powered generators in the province, we study how
electricity from wind can potentially offset the environmental
impacts of PHEVs. Considering different charging scenarios
of PHEVs, the required energy for charging the PHEVs is
calculated and linked to the chronological wind profile of
Alberta assuming the PHEVs are controlled by the system
operator. The results are then compared with a scenario in
which the availability of the PHEVs to absorb the produced
wind energy on a daily basis is treated as a random variable.

The remainder of this paper is organized as follows. An
brief overview of electric vehicle is presented in Section II.
In Section III the economical and environmental benefits of
PHEVs are analysed considering the Alberta’s system. Finally,
Section IV concludes the paper.

II. BACKGROUND

Electric vehicles can generally be classified in battery
electric vehicle (BEV), fuel cell vehicle and hybrid electric
vehicles (HEV). BEVs employs chemical energy stored in the
battery packs as the only source of the energy of the car. The
batteries can be recharged through the power grid via plugging
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in an electrical outlet. The main drawback of these vehiclesis
that their battery packs fall short of power required for large
distances. A fuel cell vehicle uses a fuel cell to supply its on-
board motive power by producing electricity using hydrogen
fuel and oxygen from the air. This technology is usually
challenged by issues such as storing sufficient amount of
hydrogen, distribution of hydrogen to customers, safety of
these vehicles question and their cost-effectiveness [6].HEVs
combine the benefits of gasoline engines and electric motors.
An internal combustion engine(IC) drives an electric generator
whose generated power is transfered to the electric motor to
drive the wheels, along with the direct shaft power from IC
engine. A small battery buffers the generator and absorbs
regenerative braking. The battery is also utilized to drive
the electric motor during the acceleration and hill climbing
to increase the fuel efficiency of the vehicle. This method
of charging-discharging batteries is called charge-sustaining
mode since the batteries keep a state of charge, typically 70%-
80%.

A PHEV is basically a HEV with an enlarged battery that
can be recharged via an electrical outlet [6]. With externally
recharged batteries, there is sufficient energy storage capacity
to give the vehicle significant range on battery power alone.
Current technology of PHEV battery allows a travel distanceof
20-60 miles in all electric mode of the vehicle. This strategy in
which the batteries are persistently used while driving is called
charge-depleting mode. Moreover, having combustion engine,
PHEVs can also use gas which makes the vehicle capable of
long distance trips and even in this case with charge-sustaining
mode capability the amount of the gas usage will be less than a
conventional vehicle. Generally, It can be seen that combining
the advantage attributes of HEVs and BEVs while alleviating
the drawbacks of them, makes PHEV a potential alternative
to the conventional transportation systems.

III. E NVIROMENTAL BENEFITS OFPHEVS: THE CASE OF

ALBERTA

Alberta’s electricity system currently has an installed ca-
pacity of just above 12,000 MW. From this capacity, 5893
MW is coal-fired, 4686 MW is gas-fired, 869 MW is hydro,
and 497 MW is wind powered [11]. With nearly 11 GW
interest in wind power developments, the Alberta Electric
System Operator (AESO) is facing an operation challenge
given the thermal-dominated system with limited flexibility.
In previous years, a cap of 900 MW wind integration was
in place based on AESO’s analysis on how much wind can
be ‘safely’ integrated into the system. This cap was removed
later in 2008. The AESO has been actively looking at ways
to mitigate the high volatility of wind. For example, a pilot
project for forecasting wind power was contracted but even
the best obtained forecasts were not found very accurate to
deal with the high wind power ramp-downs in short periods
[11]. One potential approach to deal with the intermittencyof
wind is to store the excess energy during high wind power
generation and back up the shortage of the wind power when
it is insufficient. Pump-storage hydro has been considered as a
storage component to deal with wind power uncertainty [12],

[13]. Unfortunately, this is not currently a sufficient option
in Alberta considering the amount of wind developments and
the fact that no local pump-storage facility exists in Alberta.
In addition, while the hydro-dominated neighboring British
Columbia can potentially play the role of ‘storage’ for Alberta,
the weak tie-line interconnecting the two provinces limits
this opportunity. Thus, considering the potential application
of PHEVs as a distributed storage system, PHEVs could be
further promoted by the regulator in the province as a tool to
offset wind intermittency.

A. PHEV Economy: A Simple Analysis for Alberta

The capability of a PHEV to run at least 20 mile makes it an
attractive choice for commuters. The average gas consumption
in Alberta is 11.8 liter per 100 km [1], assuming 20 miles as
the average travel distance of each commuter, and the average
gas price of $0.8 per liter, the average cost to each commuter
would be about $3/day. On the other hand, with a battery
capable of storing about 8 kWh energy, a PHEV is able to
travel about 20 miles [14]. Considering an efficiency of 90%
for the charging system, and the average price of electricity as
6.7 cents/kWh for 2007 in Alberta [11], the approximate cost
of electricity to the owner is about $0.6/day. This basically
means that with a price of $0.8 per liter for gas, price of
electricity needs to be at least $350 MWh to have the gas
usage as economical as electricity. Assuming a 30% PHEV
penetration in Alberta’s small care fleet with an average travel
of 20 miles per day, with about 2,500,000 light vehicles in
Alberta [1], we would have about 750,000 PHEVs in the
province. This translate into a saving of 2.8 million litersgas
per day with the value of $2.2 million. It should be noted these
savings will be increased as the price of gas rises or the price
of electricity dropps. The above calculation does not consider
the additional costs associated with purchasing a PHEV.

B. Charging Scenarios for PHEVs

In this simulation, we only focus on charging the PHEVs
and link it to wind energy production in Alberta. The 2007
wind profile in Alberta is used with a total energy production
of about 1.5 TWh. Four different PHEV charging scenarios
are considered, as follows:

1) PHEVs are charged during the night-time,
2) PHEVs are charged during the day-time,
3) PHEVs are charged over the all 24 hours,
4) PHEVs are charged during the night with a random

availability.

In the second and third scenarios, the rush hour periods,
i.e., 7:00-9:00 and 16:00-18:00, are excluded from charging
times. In the forth scenario, availability of the PHEV unitsfor
absorbing the available wind energy is modeled based on a
β distribution function [15]. On a daily basis, the produced
electric energy by wind and the required energy for charging
the PHEVs are compared and the shortage of energy, if any
is calculated. The amount of gas needed to make up for this
shortage is then determined. In case of shortage of energy
from the wind generators, and assuming that the shortage can
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be covered by the coal-fired generation, the amount of CO2

emissions are estimated, and compared with the case in which
the shortage of energy is made up for by using gasoline. The
factor of emissions for the gasoline and coal-fired electricity
generation is assumed to be 2.4 kg per liter and 0.922 Tons
per MWh respectively. In our analysis, the grid is assumed to
be able to absorb the excess energy if any.

In each scenario, three different sizes of battery, i.e., 6
kWh, 12 kWh and 16 kWh, are considered which enable the
PHEV to operate solely on electricity before turning to gas and
travel 20 km, 40 km, and 60 km respectively [14]. PHEV20,
PHEV40 and PHEV60 are used here to refer to PHEVs
capable of running for these travel distance, respectively.
Considering the life time of the batteries, it is recommenced
to have maximum 80% depth of discharge (DOD) for some
kind of batteries (nickel-metal hydride batteries). Hence, in
our simulation, it is assumed an 80% DOD is acceptable. For
example, a PHEV20 can travel 16 miles on electric mode to
keep 20% charging of its battery. For the three battery sizes,
the PHEV is assumed to be fully employed up to a 80% DOD.
a 25% saving in gas when running on charge-sustaining mode
is also assumed. The maximum power that limits charging of
a PHEV is mainly due to the limit over the capacity of the
connection to the electrical grid [10]. The maximum capacity
of grid connection is assumed to be 9.6 kW (240 V @ 40 A),
which can be achieved by relatively low cost of infrasturcture
upgrade. The simulation results are presented below.

In addition, four wind production levels are considered in
each scenarios. The first wind production level is the same as
the recorded data for 2007. In addition, three other production
levels, i.e., two to four times of the 2007 level, are also
considered to model future wind developments (which are
expected to be located in similar locations as the current wind-
based generation).

In the simulations present in this paper, a chronological
wind profile is matched with the total PHEV energy require-
ment. This is to simulate instances where there is not enough
wind energy to charge the PHEVs, or the produced with energy
exceeds the PHEV consumption. This makes the simulations
here different than those presented in several of the previous
works in which the total annual production and PHEV energy
requirements are compared. In addition, a smart charging
system [4] in which the system operator has control over the
charging of PHEVs is assumed for the first three charging-time
scenarios.

1) Charging During the Night: In this Scenario, the car is
charged between 18:00 and 7:00. As a result of not charging
during the day, about 32% of the total wind energy, based on
the 2007 wind data, would remained unused by the PHEVs.
For the base level of wind production, the total energy during
the night is about 1.03 TWh. With the 4000 MWh required
energy for charging PHEV20 vehicles in each day, there is
about 435 GWh shortage of wind energy through the whole
year. In addition, due to production of the large amount of
wind energy during some nights, there is 5.1 GWh energy over
the whole year which can not be absorbed by the PHEVs.

Assuming that the shortage of energy for charging the
PHEVs is compensated by using gas, the average saving in

Fig. 1. The amount of gas saving in night-time scenario.

TABLE I
TOTAL EMISSION IN NIGHT-TIME SCENARIO (M ILLION TONS /YEAR )

PHEV20 PHEV40 PHEV60
2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

Energy shortage
made up by 0.44 0 1.92 0.07 3.4 0.59

gas
Energy shortage

made up by 0.4 0 1.74 0.07 3.08 0.59

electricity
Full reliance

on conventional 1.98 3.96 5.94
vehicles

gas consumption compared with a conventional vehicle for
the different wind production levels and battery capacities are
shown in Fig. 1. It can be observed from this figure that for
the wind production level of 2007, a PHEV20 could save up to
80% in gas consumption comapred to a conventional vehicle.
This saving could grow to 100% if the wind production is
four times as the base 2007 production level. It can also be
observed from this figure that for the 2007 wind production
level, a PHEV60 could only save about 20% of gas.

Table I compares the CO2 emission resulting from using
gas or electricity from coal-fired generators to make up the
shortage of wind energy in charging the PHEVs. The results
are presented in this table for the three types of PHEVs
(different battery sizes), and two wind production levels,i.e.,
the base 2007 level and four times of this base level. The
results for a conventional vehicle for the same travel distance is
also presented in this table. It can be observed that in the cases
that the shortage of energy is compensated from using gas or
electricity from coal-fired units, the total emissions are not
significantly different (e.g., 0.44 versus 0.4 Million ton/year).
However, these emission levels are significantly less than the
case of a conventional vehicle (e.g., 1.98 Million tons/year).

2) Charging During the Day: The charging time of vehicles
in this scenario is between 9:00 and 16:00. Not charging during
the rest of the time results in about 81% of total wind energy
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Fig. 2. The amount of gas saving in day-time scenario.

TABLE II
TOTAL EMISSION IN DAY-TIME SCENARIO (M ILLION TONS /YEAR )

PHEV20 PHEV40 PHEV60
2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

Energy shortage
made up by 1.19 0.19 2.68 1.79 4.16 3.28

gas
Energy shortage

made up by 1.08 0.36 2.42 1.62 3.76 2.97

electricity
Full reliance

on conventional 1.98 3.96 5.94
vehicles

not being absorbed by the PHEVs. The total wind energy
during the charging time is about 288 GWh for the base
level of wind production. PHEV20 vehicles are required to
be charged with 4000 MWh energy in each day, so there
is about 1.17 TWh shortage of the wind energy over the
whole year. Assuming that the shortage of energy for charging
the PHEVs is compensated by gas, the average resulting
savings in gas consumption are presented in Fig. 2. Given the
significantly lower wind energy production during the day, this
figure shows the considerable reduction in the amount of gas
saving for diffrent cases. The resulting emissions from using
gas or electricity from the coal-fired units to compensate the
shaortage of energy for charging the PHEVs are also presented
in Table II. It can be observed from this table that the emission
levels are relatively close to those of conventional vehicles in
this charging scenario.

3) Charging During all 24 Hours: In this scenario, PHEVs
can be charged during all 24 hours of the day except therush
hours. About 12% of the total avaiable wind energy would not
be absorbed by the PHEVs as a result of not charging during
the rush hours. The total produced wind energy during this
charging time is about 1.32 TWh for the base wind production
level. The required energy for charging the PHEV20’s is 4000
MWh per day. This means that there is about 203 GWh
shortage of wind energy over the whole year for charging the

Fig. 3. The amount of gas saving in all-time scenario.

TABLE III
TOTAL EMISSION IN ALL -TIME SCENARIO (M ILLION TONS /YEAR )

PHEV20 PHEV40 PHEV60
2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

Energy shortage
made up by 0.21 ≈ 0 1.63 ≈ 0 3.11 0.16

gas
Energy shortage

made up by 0.19 ≈ 0 1.47 ≈ 0 2.81 0.14

electricity
Full reliance

on conventional 1.98 3.96 5.94
vehicles

PHEV20’s. In addition, due to the relatively high production
level of wind energy during some of the days during the year,
there is about 63.4 GWh energy which can not be consumed
by the PHEVs. The average gas savings for this scenario are
presented in Fig. 3. Comparing this figure with Fig. 1 and
Fig. 2, it can be observed that the savings in gas consumption
in this scenario is close to those of the nigh charging time
but significantly different than those of the day charging time.
This is mainly due to the fact that wind energy production is
mostly concentrated during the night. The resulting emissions
for this scenario are also presented in Table III.

4) Random Availability of PHEVs: In the first three sce-
narios, it was assumed that all of PHEVs are available during
the charging time. However, it should be emphasized that the
PHEVs are plugged-in an electrical outlet based on the owner
needs not the system operator. Therefore, the expectation
that all cars are plugged-in at the start of the charging time
so that the operator has control over their charging, is not
always true. For considering the effects of availability ofthe
PHEVs to absorb the energy produced by the wind units, the
first charging-time scenario, i.e., charging during the night, is
repeated assuming that the plug-in time is a random variable
distributed between 18:00 and 7:00. Aβ distribution function
[15] is used to model the plug-in time of the PHEVs, and it is
assumed that the PHEV starts charging after being plugged-in
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TABLE IV
TOTAL EMISSION IN DISTRIBUTED-TIME SCENARIO(M ILLION TONS

/YEAR )

PHEV20 PHEV40 PHEV60
2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

2007
wind

4 times
2007 wind

Energy shortage
made up by 1.15 0.76 2.55 1.95 3.99 3.25

gas
Energy shortage

made up by 1.04 0.68 2.31 1.76 3.61 2.94

electricity
Full reliance

on conventional 1.98 3.96 5.94
vehicles

until it fully charges. The employedβ distribution function
with α = 1.3 and β = 4.5 is prsented in Fig. 4. A Monte
Carlo simulation is used to estimate the average amount of gas
saving, and the resulting emission impacts, in this scenario.

As mentioned before, the available wind energy during the
night for the base wind production level is 1.03 TWh, and the
required energy for charging the PHEV20’s is 4000 MWh per
day, and thus, there is about 435 GWh of energy shortage and
5.1 GWh of excess energy from the wind units.

Because of the random availability of the PHEVs during
the night, the shortage of wind energy increases to about 1.15
TWh, and the excess energy increases to about 722 GWh. In
Fig. 5, the resulting average savings in gas consumption in
this scenario is plotted. Comparing these results with those
presented in Section III-B1 for the nigh-time charging with
fully controllable PHEVs, it can be observed that saving in
gas has decreased significantly. The resulting emissions are
also presented in Table IV, which shows a significant increase
in the total emissions compared to those in Table I. This
characteristic is associated with the amount of wind energy
that is available during the first couple of hours of the night
versus the remainder of the night. The availability of the wind
energy between 18:00-20:00 with respect to the wind energy
during the night, for each day of the year, is plotted in Fig. 6.
On average, 31%, of the nightly wind energy is available
during this block of time, therefore, introducing the variation
in “plug-in time” results in decreased utilization of the wind
energy to charge the PHEVs.

IV. CONCLUSION

In this paper, potential environmental impacts of large-scale
adoption of PHEVs is compared in various scenarios in the
context of Alberta’s system. Chronological wind productions
are linked to the required energy for charging the PHEVs.
Different battery sizes and wind production levels were stud-
ied. Four scenarios were considered for the charging-time of
the PHEVs. In the first three scenarios, it was assumed that
the PHEVs are fully available, and controlled by the system
operator, from the beginning of their charging period. In the
fourth scenario, considering a more realistic plug-in time, the
availability of the PHEVs during the charging period was
considered to follow aβ distributed random variable. The
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Fig. 4. Beta distribution used to model PHEV availability forcharging during
the night.

Fig. 5. The amount of gas saving in night-time scenario with distributed
charging time.
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Fig. 6. The percentage of the wind energy between 18:00-20:00 hours relative
to the total wind energy during whole night (18:00-07:00 hours) for each day
of the year.
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shortage of wind energy, if any, was assumed to be either
compensated by using gas or electricity from the coal-fired
generators.

It was observed that the environmental impacts of large-
scale adoption of PHEVs in the transportation system in
Alberta could significantly vary depending on various factors
such as charging time, battery size, and wind production level.
It was also observed that including more realistic assumptions
regarding the charging process and control of the PHEVs
can significantly impact the environmental benefits of this
technology.
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