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Abstract—Plug-in Hybrid Electric Vehicles (PHEVs) are to supply the peak power, spinning reserve and regulatisn ha
emerging as a promising alternative for the existing transporta- peen discussed and also the available capacity, the revenue
tion system. This technology is envisioned to run on electricity and cost associated with vehicles to participate in each of

from the grid, stored in high capacity batteries, for short trips and S
switch to a conventional fuels for long trips. Thus, the demand those markets are calculated. In [7] the application of PEIEV

for electricity will significantly grow if this technology is adopted ~ t0 support the reactive power for the grid by changing the
widely. Although, PHEV technology is generally considered to be power factor in power electronic converters is examinede On
more environmentally friendly than conventional transportation  of the most interesting point of view regarding PHEVs is
systems, especially in regions with a diverse electric power gen-that how this technology can be employed to mitigate the

eration fleet, the environmental impacts of such wide integration . ¢ itt f th ind In 8l b d th ¢
of PHEVs need to be investigated in thermal-dominated systems, intermittency of the wind power. In [8], based on the amoun

such as Alberta’s. This paper studies the potential environmenta ©Of the regulation and spinning reserve required to deal with
impacts of the wide adoption of PHEVs in the context of Alberta, the intermittency of the wind [9], the authors calculate the
given the 90% share of thermal units and the growing interstes in - number of electric vehicles to handle variations of the wind
Wind_power developm_ents in the _province. Various scenarios are [10], considering the PHEVs as providers of reserve sesice
considered for supplying the required energy for PHEVs and the the system, the maximum feasible wind generation expansion
resulting gas consumption and emission reductions are estimated. ' . » ,
in long run is estimated. In addition, the required energy fo
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 PHEVsS
. INTRODUCTION is matched with the annual wind energy production. However,
URING recent years, several factors have led to inke availability of the PHEVs for using the wind energy or
creased interest to decrease oil consumption. The siyailability of wind energy when is needed to charge the
nificant dependency of the economy on the oil price IRHEVs is not considered in [10].
conjunction with growing pressure to lessen greenhouse gasn this paper, environmental impacts of large-scale adapti
emissions have strengthened the search for alternativgyenef PHEVs in Alberta are investigated. Given the dominant
resources. On the other hand, since the majority of the glhare of thermal generators, and the growing integration
consumption is related to refining the oil into gasoline tavpo  of wind-powered generators in the province, we study how
the transportation systems [1], [2] changing the sourcéef telectricity from wind can potentially offset the environntal
energy of passenger vehicles seems to be a reasonable wayhjsacts of PHEVs. Considering different charging scersario
control and reduce the amount of the fossil fuel consumpti@® PHEVs, the required energy for charging the PHEVs is
in this sector. calculated and linked to the chronological wind profile of
In recent years, PHEVs have been introduced as a promisiiperta assuming the PHEVs are controlled by the system
technology which use electricity as a replacement for a sigperator. The results are then compared with a scenario in
nificant fraction of fossil-based energy source [3]. A PHEWhich the availability of the PHEVs to absorb the produced
is a hybrid electric vehicle with the ability to recharge itsvind energy on a daily basis is treated as a random variable.
electrochemical energy storage from an electrical ouleeé  The remainder of this paper is organized as follows. An
vehicle can drive on electricity mode for a while with theprief overview of electric vehicle is presented in Sectibn |
capability of switching to gas after depletion of the chargein Section Il the economical and environmental benefits of
power. Aside from potential environmental benefits of adopPHEVs are analysed considering the Alberta’s system. ljnal
ing PHEV technology, from the grid perspective, chargingection IV concludes the paper.
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 beenElectric vehicles can generally be classified in battery
investigated in [5]. In [6] the contribution of electric vieles electric vehicle (BEV), fuel cell vehicle and hybrid eléctr

, . o vehicles (HEV). BEVs employs chemical energy stored in the
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in an electrical outlet. The main drawback of these vehides[13]. Unfortunately, this is not currently a sufficient apti
that their battery packs fall short of power required fog&ar in Alberta considering the amount of wind developments and
distances. A fuel cell vehicle uses a fuel cell to supply its othe fact that no local pump-storage facility exists in Aliaer
board motive power by producing electricity using hydrogeim addition, while the hydro-dominated neighboring Blitis
fuel and oxygen from the air. This technology is usuallfolumbia can potentially play the role of ‘storage’ for Attse
challenged by issues such as storing sufficient amount thE weak tie-line interconnecting the two provinces limits
hydrogen, distribution of hydrogen to customers, safety ttiis opportunity. Thus, considering the potential appiaa
these vehicles question and their cost-effectivenesHE)Vs of PHEVs as a distributed storage system, PHEVs could be
combine the benefits of gasoline engines and electric motdigther promoted by the regulator in the province as a tool to
An internal combustion engine(IC) drives an electric gatmr offset wind intermittency.
whose generated power is transfered to the electric motor to
drive the wheels, along with the direct shaft power from | ) .
engine. A small battery buffers the generator and abso%’s PHEV Economy: A Smple Analysis for Alberta
regenerative braking. The battery is also utilized to drive The capability of a PHEV to run at least 20 mile makes it an
the electric motor during the acceleration and hill clintpinattractive choice for commuters. The average gas consampti
to increase the fuel efficiency of the vehicle. This metho@ Alberta is 11.8 liter per 100 km [1], assuming 20 miles as
of charging-discharging batteries is called charge-istg the average travel distance of each commuter, and the &verag
mode since the batteries keep a state of charge, typicaly 709as price of $0.8 per liter, the average cost to each commuter
80%. would be about $3/day. On the other hand, with a battery
A PHEYV is basically a HEV with an enlarged battery thagapable of storing about 8 kWh energy, a PHEV is able to
can be recharged via an electrical outlet [6]. With extdynaltravel about 20 miles [14]. Considering an efficiency of 90%
recharged batteries, there is sufficient energy storagacitgp for the charging system, and the average price of elegtrasit
to give the vehicle significant range on battery power alon@.? cents/kWh for 2007 in Alberta [11], the approximate cost
Current technology of PHEV battery allows a travel distaoice Of electricity to the owner is about $0.6/day. This basicall
20-60 miles in all electric mode of the vehicle. This strgtey Means that with a price of $0.8 per liter for gas, price of
which the batteries are persistently used while drivingpited ~ electricity needs to be at least $350 MWh to have the gas
charge-depleting mode. Moreover, having combustion engit!Sage as economical as electricity. Assuming a 30% PHEV
PHEVs can also use gas which makes the vehicle capablg®gfetration in Alberta’s small care fleet with an averageelra
long distance trips and even in this case with charge-susgai Of 20 miles per day, with about 2,500,000 light vehicles in
mode capability the amount of the gas usage will be less thafi®erta [1], we would have about 750,000 PHEVS in the
conventional vehicle. Generally, It can be seen that comgin Province. This translate into a saving of 2.8 million litgyas
the advantage attributes of HEVs and BEVs while alleviatirger day with the value of $2.2 million. It should be noted thes

the drawbacks of them, makes PHEV a potential alternati$8vings will be increased as the price of gas rises or the pric
to the conventional transportation systems. of electricity dropps. The above calculation does not aigrsi

the additional costs associated with purchasing a PHEV.

[1l. ENVIROMENTAL BENEFITS OFPHEVS: THE CASE OF _ )
ALBERTA B. Charging Scenarios for PHEVS

Alberta’s electricity system currently has an installed ca In this simulation, we only focus on charging the PHEVs

pacity of just above 12,000 MW. From this capacity. 589gnd link it to wind energy production in Alberta. The 2007
MW is coal-fired. 4686 MW is gas-fired, 869 MW is Hydrowmd profile in Alberta is used with a total energy production

and 497 MW is wind powered [11]. With nearly 11 GWof about 1.5 TWh. Four different PHEV charging scenarios

interest in wind power developments, the Alberta Electri@'® considered, as follows:

System Operator (AESO) is facing an operation challengel) PHEVs are charged during the night-time,

given the thermal-dominated system with limited flexipilit 2) PHEVs are charged during the day-time,

In previous years, a cap of 900 MW wind integration was 3) PHEVs are charged over the all 24 hours,

in place based on AESO’s analysis on how much wind can4) PHEVs are charged during the night with a random
be ‘safely’ integrated into the system. This cap was removed availability.

later in 2008. The AESO has been actively looking at waya the second and third scenarios, the rush hour periods,
to mitigate the high volatility of wind. For example, a piloti.e., 7:00-9:00 and 16:00-18:00, are excluded from chargin
project for forecasting wind power was contracted but evdimes. In the forth scenario, availability of the PHEV urfibs

the best obtained forecasts were not found very accurateatusorbing the available wind energy is modeled based on a
deal with the high wind power ramp-downs in short periods distribution function [15]. On a daily basis, the produced
[11]. One potential approach to deal with the intermittenty electric energy by wind and the required energy for charging
wind is to store the excess energy during high wind powéne PHEVs are compared and the shortage of energy, if any
generation and back up the shortage of the wind power whisncalculated. The amount of gas needed to make up for this
it is insufficient. Pump-storage hydro has been considesaal ashortage is then determined. In case of shortage of energy
storage component to deal with wind power uncertainty [12},om the wind generators, and assuming that the shortage can



be covered by the coal-fired generation, the amount o} CO

emissions are estimated, and compared with the case in which 100
the shortage of energy is made up for by using gasoline. The
factor of emissions for the gasoline and coal-fired eleityric
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. 20

In each scenario, three different sizes of battery, i.e., 6 o
kWh, 12 kWh and 16 kWh, are considered which enable the
PHEV to operate solely on electricity before turning to gad a
travel 20 km, 40 km, and 60 km respectively [14]. PHEV20,

PHEV40 and PHEV60 are used here to refer to PHEVs el
capable of running for these travel distance, respectively .. sroductionjevel PHEVED
Considering the life time of the batteries, it is recommehce PHEV type
to have maximum 80% depth of discharge (DOD) for some

kind of batteries (nickel-metal hydride batteries). Henice Fig. 1. The amount of gas saving in night-time scenario.
our simulation, it is assumed an 80% DOD is acceptable. For
example, a PHEV20 can travel 16 miles on electric mode t
keep 20% charging of its battery. For the three battery sizes
the PHEV is assumed to be fully employed up to a 80% DOD. PHEV20 PHEVZ0 PHEV60

a 25% saving in gas when running on charge-sustaining mode 2007 4 times | 2007 4 fimes| 2007 4 times
is also assumed. The maximum power that limits charging of wind 2007 wind | wind 2007 wind | wind 2007 wind
a PHEV is mainly due to the limit over the capacity of thgnergy shortage
connection to the electrical grid [10]. The maximum capacit made up by | 0.44 0 1.92 007 | 3.4 0.59
of grid connection is assumed to be 9.6 kW (240 V @ 40 A),

- : . ) gas
which can be achieved by relatively low cost of infrasturetu [Energy shortage
upgrade. The simulation results are presented below. made up by | 0.4 0 174 0.07 3.08 0.59

In addition, four wind production levels are considered in .

. . . . . electricity
each scenarios. The first wind production level is the same[&S;ireiiance
the recorded data for 2007. In addition, three other praduct [on conventionz
levels, i.e., two to four times of the 2007 level, are also_vehicles
considered to model future wind developments (which are
expected to be located in similar locations as the currentdwi
based generation). gas consumption compared with a conventional vehicle for

In the simulations present in this paper, a chronologicHie different wind production levels and battery capasitiee
wind profile is matched with the total PHEV energy requireshown in Fig. 1. It can be observed from this figure that for
ment. This is to simulate instances where there is not enoudg wind production level of 2007, a PHEV20 could save up to
wind energy to charge the PHEVs, or the produced with ener§9% in gas consumption comapred to a conventional vehicle.
exceeds the PHEV consumption. This makes the simulatiohgis saving could grow to 100% if the wind production is
here different than those presented in several of the puevidour times as the base 2007 production level. It can also be
works in which the total annual production and PHEV enercggPserved from this figure that for the 2007 wind production
requirements are compared. In addition, a smart chargil®yel, @ PHEV60 could only save about 20% of gas.
system [4] in which the system operator has control over theTable | compares the GOemission resulting from using
charging of PHEVs is assumed for the first three charging-tingas or electricity from coal-fired generators to make up the
scenarios. shortage of wind energy in charging the PHEVs. The results

1) Charging During the Night: In this Scenario, the car is are presented in this table for the three types of PHEVs
charged between 18:00 and 7:00. As a result of not chargitflifferent battery sizes), and two wind production levels,,
during the day, about 32% of the total wind energy, based 8w base 2007 level and four times of this base level. The
the 2007 wind data, would remained unused by the PHEWesults for a conventional vehicle for the same travel distés
For the base level of wind production, the total energy durirglso presented in this table. It can be observed that in thesca
the night is about 1.03 TWh. With the 4000 MWh require¢hat the shortage of energy is compensated from using gas or
energy for charging PHEV20 vehicles in each day, there gdectricity from coal-fired units, the total emissions aret n
about 435 GWh shortage of wind energy through the whogégnificantly different (e.g., 0.44 versus 0.4 Million tgeér).
year. In addition, due to production of the large amount dfowever, these emission levels are significantly less than t
wind energy during some nights, there is 5.1 GWh energy ovease of a conventional vehicle (e.g., 1.98 Million tonsfyea
the whole year which can not be absorbed by the PHEVs. 2) Charging During the Day: The charging time of vehicles

Assuming that the shortage of energy for charging the this scenario is between 9:00 and 16:00. Not charginghduri
PHEVs is compensated by using gas, the average savingha rest of the time results in about 81% of total wind energy
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TABLE |
OTAL EMISSION IN NIGHT-TIME SCENARIO (MILLION TONS/YEAR)

1.98 3.96 5.94
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Fig. 2. The amount of gas saving in day-time scenario. Fig. 3. The amount of gas saving in all-time scenario.

TABLE I
TOTAL EMISSION IN DAY-TIME SCENARIO (MILLION TONS/YEAR)

TABLE Il
TOTAL EMISSION IN ALL-TIME SCENARIO (MILLION TONS/YEAR)

PHEV20 PHEV40 PHEV60 PHEV20 PHEV40 PHEV60
2007 4 times | 2007 4 times | 2007 4 times 2007 4 times | 2007 4 times| 2007 4 times
wind 2007 wind | wind 2007 wind | wind 2007 wind wind 2007 wind | wind 2007 wind | wind 2007 wind
Energy shortage Energy shortage
made up by | 1.19 0.19 2.68 1.79 4.16 3.28 made up by | 0.21 ~0 1.63 ~0 3.11 0.16
gas gas
Energy shortage Energy shortage
made up by | 1.08 0.36 2.42 1.62 3.76 2.97 made up by | 0.19 ~0 1.47 ~0 2.81 0.14
electricity electricity
Full reliance Full reliance
on conventional 1.98 3.96 5.94 on conventional 1.98 3.96 5.94
vehicles vehicles

not being absorbed by the PHEVs. The total wind ener®dHEV20's. In addition, due to the relatively high produatio
during the charging time is about 288 GWh for the badevel of wind energy during some of the days during the year,
level of wind production. PHEV20 vehicles are required tthere is about 63.4 GWh energy which can not be consumed
be charged with 4000 MWh energy in each day, so theby the PHEVS. The average gas savings for this scenario are
is about 1.17 TWh shortage of the wind energy over th@esented in Fig. 3. Comparing this figure with Fig. 1 and
whole year. Assuming that the shortage of energy for chgrgifig. 2, it can be observed that the savings in gas consumption
the PHEVs is compensated by gas, the average resultingthis scenario is close to those of the nigh charging time
savings in gas consumption are presented in Fig. 2. Given ting significantly different than those of the day chargingeti
significantly lower wind energy production during the ddyst This is mainly due to the fact that wind energy production is
figure shows the considerable reduction in the amount of ga®stly concentrated during the night. The resulting eroissi
saving for diffrent cases. The resulting emissions frormaisi for this scenario are also presented in Table IlI.
gas or electricity from the coal-fired units to compensate th 4) Random Availability of PHEVs: In the first three sce-
shaortage of energy for charging the PHEVs are also presentgrios, it was assumed that all of PHEVs are available during
in Table I1. It can be observed from this table that the eroissi the charging time. However, it should be emphasized that the
levels are relatively close to those of conventional vetsich pPHEVs are plugged-in an electrical outlet based on the owner
this charging scenario. needs not the system operator. Therefore, the expectation
3) Charging During all 24 Hours: In this scenario, PHEVs that all cars are plugged-in at the start of the charging time
can be charged during all 24 hours of the day excepttise so that the operator has control over their charging, is not
hours. About 12% of the total avaiable wind energy would noalways true. For considering the effects of availabilitytioé
be absorbed by the PHEVSs as a result of not charging duriRglEVs to absorb the energy produced by the wind units, the
the rush hours. The total produced wind energy during thidirst charging-time scenario, i.e., charging during thehtjigs
charging time is about 1.32 TWh for the base wind productiaepeated assuming that the plug-in time is a random variable
level. The required energy for charging the PHEV20's is 40Qfistributed between 18:00 and 7:00.#Adistribution function
MWh per day. This means that there is about 203 GWH5] is used to model the plug-in time of the PHEVSs, and it is
shortage of wind energy over the whole year for charging tlssumed that the PHEV starts charging after being plugyed-i



TABLE IV
TOTAL EMISSION IN DISTRIBUTED-TIME SCENARIO(MILLION TONS

IYEAR)
PHEV20 PHEV40 PHEV60
2007 4 times | 2007 4 times | 2007 4 times
wind 2007 wind | wind 2007 wind | wind 2007 wind c
Energy shortage 2
made up by | 1.15 0.76 2.55 1.95 3.99 3.25 a
gas 2
Energy shortage >
made up by | 1.04 0.68 2.31 1.76 3.61 2.94 =
y g
electricity o
Full reliance o
on conventional 1.98 3.96 5.94
vehicles
0 ; ; ; ; : ;
18 20 22 24_ 2 4 6
until it fully charges. The employed distribution function Time

with o« = 1.3 and 3 = 4.5 is prsented in Fig. 4. A Monte _ o - _ '
Carlo simulation is used to estimate the average amountsof iégrﬁ hlt?)eta distribution used to model PHEV availability &rarging during
saving, and the resulting emission impacts, in this scenari o
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 abo6t 1.1
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 éhos
presented in Section IlI-B1 for the nigh-time charging with
fully controllable PHEVS, it can be observed that saving in
gas has decreased significantly. The resulting emissioms ar
also presented in Table 1V, which shows a significant inareas
in the total emissions compared to those in Table I. This Wind production level PHEV@FEJHEMO
characteristic is associated with the amount of wind energy PHEV type
that is available during the first couple of hours of the night
versus the remainder of the night. The availability of theavi Fig. 5. The amount of gas saving in night-time scenario withridisted
energy between 18:00-20:00 with respect to the wind energjarging time.
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 véina 80
in “plug-in time” results in decreased utilization of thenali
energy to charge the PHEVSs.

o0
(o)

o
(e}

Gas saving(%)
85 3

(o]

PHEY20

el

60

IV. CONCLUSION
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In this paper, potential environmental impacts of largatesc
adoption of PHEVs is compared in various scenarios in the
context of Alberta’s system. Chronological wind produnto
are linked to the required energy for charging the PHEVs. %
Different battery sizes and wind production levels weralstu
ied. Four scenarios were considered for the charging-time o
the PHEVSs. In the first three scenarios, it was assumed that 10, T T
the PHEVs are fully available, and controlled by the system Day
operator, from the beginning of their charging period. Ie th_ _ _ _
fourth scenario, considering a more realistic plug-in tthe (1% ThePercentageofthe uind energy etueer 1:0coamars e
availability of the PHEVs during the charging period wasf the year.
considered to follow a3 distributed random variable. The

Percentage
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