IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, SPECIAL ISSUE ON PLUG-IN HYBRID ELECTRIC VEHICLES 1

Optimal Transition to Plug-in Hybrid Electric
Vehicles in Ontario-Canada Considering the
Electricity Grid Limitations

Amirhossein HajimiraghaStudent Member, IEEEClaudio A. Cdiizares,Fellow, IEEE,
Michael W. Fowler, and Ali Elkamel

Abstract—This paper analyses the feasibility of optimally the second highest source of greenhouse gas emissions [3],
utilizing Ontario’s grid potential for charging Plug-in Hybrid  [4]. Therefore, the subject of alternative fuels for megtin
Electric Vehicles (PHEVs) during off-peak periods. Based on e fytyre energy demand of the transport sector has gained

a simplified zonal model of Ontario’s electricity transmission h attention due to th t d . tal
network and a zonal pattern of base-load generation capacity much attention due to the present energy and environmenta

from 2009 to 2025, an optimization model is developed to find CONCEMS.
the optimal as well as maximum penetrations of PHEVs into ~ Hybrid Electric Vehicle (HEV) technology presents an

Ontario’s transport sector. The results of this study demonstate option for significant reductions in gasoline consumption
that the present and projected electricity grid in Ontario can be as well as smog precursor and greenhouse gas emissions.

optimally exploited for charging almost 6% of the total vehicles L . L .
in Ontario or 12.5% of the vehicles in Toronto’s transport sector 1 1iS 1S achieved through the possibility of downsizing the

by 2025; this corresponds to approximately 500,000 PHEVs that €ngine and the ability to recover a substantial amount of

can be charged from the grid without any additional transmission the vehicle’s kinetic energy in the battery storage system
or power generation investments beyond those currently planned through regenerative braking [5]-[7]. However, HEVs still

suffer from their dependence on a single hydrocarbon fuel

Index Terms—Plug-in Hybrid Electric Vehicle, transportation,  source and range limitations. The emerging Plug-in Hybrid

electricity grid, planning, optimization, Ontario. Electric Vehicle (PHEV) is somewhat similar to a convenéibn
HEV, but features a much larger onboard battery and a plug-
l. INTRODUCTION in charger; this helps it to achieve a large All-Electricriga

(AER) capability for the initial portion of a driving trip. fie
ENERGYutiIities are presented with the challenges Gfain advantage of PHEV technology is that the vehicle is
increased energy demand and the need to immediatglyt dependent on a single fuel source; thus, it can travel the
address environmental concerns such as climate change. B4€ 30 km or more on battery power alone, without running
to population and economic growth, the global demand f@ke internal combustion engine. This allows the completion
energy is expected to increase by 50% over the next gp gaily trips on battery power alone, and thus substagtiall
years [1], [2]. This large increase in demand along with thequces gasoline consumption as well as cold-start emissio
dwindling supply of fossil fuels has raised concerns over trm_[lo]_ However, at the present state of technologicatetie
security of the energy supply. opment, there are still some concerns regarding the vigoili
The transport sector is one of the largest and fastest gropEvs: in particular energy storage costs, range and dityabi
ing contributors to energy demand, urban air pollution argle the major challenges that must be overcome [11].
greenhouse gases, which are major issues for the sector ipresent and future electrical infrastructures are desigoe
view of the challenges associated with the supply of oil angeet the highest expected demand, which occurs only a few
expected higher gasoline prices, as well as tighter emissiqundred hours per year. Hence, the grid is in general uriderut
requirements. In the case of Canada’s transport sectoriikd and thus could generate and deliver a substantial amou
represents almost 35% of the total energy demand andofsenergy to charge the batteries in PHEVs. Nevertheless, th
. ) ) introduction of PHEVs in the transport sector must consider
Manuscript received February 27, 2009; revised May 4, 2@08epted for their interaction with existing and planned electrical regye
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However, the intermittent behaviour of wind and solar, anof integrated energy systems, an optimization planningehod
their consequent low capacity factors make the developwienthat takes into account both electricity and transportsscis
these resources a challenging task and thus they are oftendhe integrated system is presented and discussed. Cangider
subject of criticism. In this context, the integration of P¥s the future development of both power generation and elec-
into Ontario’s transport sector will provide energy staragtricity transmission capacities in Ontario between 2008l an
capacity for Ontario’s grid, thus facilitating the intetjom of 2025 based on Ontario’s IPSP [13], this paper aims to find the
intermittent energy resources such as wind and solar. maximum level of PHEV's penetration into Ontario’s trangpo
In the past, energy infrastructure projects have typicallector within this constrained planning framework, takiimg
been planned and operated separately, but the presentisreratcount the environmental benefits of PHEVs. Specifically,
to move towards an integrated view, because of the commitiis paper intends to determine the maximum percentage of
technical and economic interactions between differerg$ygf cars on the road in different zones of Ontario that could be
energy infrastructure [15]-[18]. PHEV technology is a mimrecharged from the grid during off-peak electricity pricme
example of the integration of the transport sector with powentervals. The main goal of the present research is to daterm
systems to improve the efficiency of both. In this case, thew Ontario’s electricity network can be optimally expéamit
integration of the energy demand for electrical power wiid t during the base load periods for charging the PHEVs, without
energy demand for transportation fuel is of particularriese jeopardizing the reliability of the system through stregsi
With this in mind, appropriate quantitative tools and plagn the system at peak demand periods or developing a new and
models for the transition to PHEVs should be developed separate infrastructure to cover the electricity requaetrof
order to maximize its environmental benefits and to minimiZeHEVs.
its corresponding costs. The remainder of the paper is structured as follows: In Sec-
In view of the technical and environmental advantages tbn Il, appropriate models for the proposed Ontario-cestte
PHEVs, the possible impacts on the grid as a result of tlseudies are briefly described, including a simplified traissm
PHEV load should be analyzed in detail. For example, gion network and planned generation capacity contributing
[19], both PHEV charging and discharging is studied in sikase-load energy in each zone; the required electricitiesys
geographic regions in the United States to examine the gddta is also discussed in this section. Different aspects of
impacts for different PHEV penetration levels up to a max@HEVs in the context of Ontario such as different penetratio
imum level of 50%; this study disregards the environmenttends, energy and power requirements, and environmental
impacts as well as different types of vehicles, and it assumissues are discussed in Section Ill. The proposed optiiizat
a unique average value for the energy requirements of aibdel is described in Section IV. The results obtained from
PHEVs. Based on different charging scenarios, the authdhe proposed models and data are presented and discussed in
in [20] evaluate various PHEV-charging impacts on utilitsection V. Finally, Section VI summarizes the main conclu-
system operations within the Xcel Energy Colorado servigtons and contributions of the present study.
territory; environmental issues are also studied, evalgat
different types of emissions considering the time of chaygi [I. ONTARIO ELECTRICITY SYSTEM MODEL
and the marginal power plant. In [21], the impact of PHEVS o Electricity Network Model
both generation supply and emission for the Virginia-Caesd

electric grid in 2018 is evaluated for different chargingels The Ontario’s Independent Electricity System Operator

and timing, based on a gradual ramp up of PHEV mark IESO) represents the Ontario network with 10 zones [25].

; ' o is same representation is used in this work to develo
share to 25% in 2018, this analysis is also extended to ﬁ1|e 10-bus sirgplified model of Ontario’s network shown inp
regions of the U.S., finding the marginal power plants ip. ) . ) . .
different regions for different charging patterns. In [28e E|g. 1, which considers the main grid load and generation

: . . centers and transmission corridors. This model is mostly a
percentage of the U.S. “g.ht._dl.ny vehicle that 9OU|d powllyt 500 kV network, with a 230 kV interconnection between NE
be supplied by U.S. electricity infrastructure without idaal

. ; . o L and NW. Hence, the parameters used to model this network
investments in generation, transmission and distributian

pacities is estimated in 2007; the impact on overall emiss io2r€ based on typical values of 500 and 230 kV networks,

of criteria gases and greenhouse gases is also studiedt SI%%rl]aderlng the approximate distances between zones and

demand management of power systems integrated with PHE‘W{&TES'ISI’%%‘ [;as?a;glseesa irﬁ tpheer 3;2;;3' ;:LOLTa?'r?; d %Hrgj”ects
is studied in [23] for an urban area with a relatively smal royided by the Ontario Power Authority (OPA) [13], [26],

number of PHEVS; a smart agent-based demand manage En ) : ;
. . - e transmission capacity enhancements presented in Table
scheme is proposed based on nonlinear pricing to assuré

proper distribution of the available energy to PHEV custmsne are assumed for the simplified model used in this study.

The issue of PHEV charging strategies and their impacts on o )

generation expansion planning is studied in [24]; this wtud®- Electricity Generation Model

identifies the future required generation infrastructussdul Based on the Ontario IPSP and a variety of information

on an assumed high penetration of PHEVs. provided by the OPA and the IESO [13], [14], [26]-[31],
The current paper discusses the transition to grid-chargedzonal pattern of generation capacity between 2008 and

vehicles in Ontario, Canada. Motivated by the notion of effR025 that is contributing to base-load energy in Ontario was

cient utilization of the existing infrastructure and thencept developed. This pattern shown in Fig. 2 specifies the total
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respectively. On average, these load increases transitte i
1.11% and 1.26% of respective base and peak-load annual
growth rates for all of Ontario. Based on the data in Table
Il, the base-load growth rate in the whole of Ontario was
decomposed into individual zones. The resulting annuaalzon
growth rates along with Ontario’s average base-load demand
in 2007, as per [34], were used to obtain the annual expected
base-load demand in different zones of Ontario during the
planning years. Since Ontario’s IESO defines the off-peak
time intervals to be between 12 am and 7 am, all system
studies, including the calculation of base-load deman@sew
performed during this time period when PHEVs could take
advantage of the low electricity price and demand in the
system, thus reducing costs and not affecting significantly
system reliability through increased load during high dedha
periods. As a conservative assumption, the model utilizes t
larger winter base-load demands for generating the bask-lo
data during the planning study, as per Fig. 3, which showts tha
larger base-load demands occur during winter time in almost
all zones of Ontario.
Comparing the total effective generation capacity in Qatar
with the expected base-load shows that there is a capacity
TABLE | deficit to supply base load power from 2016 to 2021. This is
ESTIMATED TRANSMISSION CORRIDOR ENHANCEMENTS FOR sIMPLIED  mainly due to retirement of coal plants and refurbishmefits o

Fig. 1. Simplified model of Ontario’s grid.

GRID MODEL both Bruce B and Pickering B nuclear units. The possible
Year  Corridor Current MW Planned MW supply alternatives for covering this power deficit include
2012 Bruce-SW 2560 4560 power imports from neighbouring grids, contributions from
2012  SW-Toronto 3212 5212 further conservation, renewab_le :_;md CHP resources in exces
2013 NE-NW 350 550 of planned levels, and cqntrlbutlons from mtgrmedlataxallo_
resources such as combined cycle gas turbines [28]. Since
2015 Bruce-West 1940 2440 . . L
there are strong tie lines with New York and Michigan, and
2017 Toronto-Essa 2000 2500 an Ontario-Quebec HVDC interconnection is scheduled to be
2017 Essa-NE 1900 2400 operational by 2010 [14], the base-load deficit is assumeal he
to be supplied by power imports, as discussed in more detail
below.

effective generation capacity which is available in eaahezio ) )

supply base-load. The mix of base-load generation ressur& MPOrts/Exports in Ontario

in Ontario considered in this model includes nuclear, wind, Since there is surplus capacity during the base-load period
hydro (only those units with limited dispatch capabilitydanin the Bruce and Niagara zones, the possibility of power
small scale units less than 10 MW), Combined Heat and Powaxports to Michigan and New York through the West and
(CHP), Conservation and Demand Management (CDM), ahtdagara zones, respectively, has been considered. Fontiner
coal. It is important to mention that the contribution of gasa maximum of 1500 MW of power imports from New York
fired generation to base-load energy has been disregardeénd Quebec from 2015-2022 is assumed for the East zone.
this study, based on the Ontario government’'s 2006 Supgtpwer imports in both NE and NW from Quebec and Mani-
Mix Directive indicating that natural gas should be usetbba/Minnesota, respectively, are also considered instiidy;
only at peak-load times and in high-efficiency and high-galithus, a maximum of 500 MW of imports in both NE and NW
applications [13], [32]. Also, the new nuclear units whiale a are assumed from 2015-2022. Also, a maximum of 250 MW
planned to be in service in 2018 are assumed to be in tiaported power in NW is assumed in other years within the
Toronto zone. planning period.

C. Base-load Electricity Demand Model E. Base-load Electricity Price

Based on the zonal peak demand forecast from 2007 to 20155tudy on off-peak electricity prices in Ontario shows in
[33], approximate values of annual peak demand growth rageneral a declining trend. For example, the average Hourly
were determined and are reflected in Table Il. It is assumeéshtario Energy Price (HOEP) in Winter time during the
here that these values apply to all future years up to 2025time period from 12 am to 7 am has decreased from 49.23

As per [28], [29], the average base and peak-load valuesi@AD/MWh in 2006 to 34.14 $CAD/MWh in 2008. However,
Ontario from 2007 to 2025 will increase by 21% and 24%gonsidering the expected price increase between 2016 and



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, SPECIAL ISSUE ON PLUG HYBRID ELECTRIC VEHICLES 4

000 ————-
2000 ——r
FO000 -
6000 ——
5000 -
4000 -
3000 =
2000 =

100Q —

Effective generation capacity [MW]

Fig. 2. Zonal effective generation capacity in Ontario cimiting to base load energy.

TABLE I
ESTIMATED PERCENT OF ZONAL ANNUAL PEAKDEMAND GROWTH RATE IN ONTARIO
Zone Bruce West SW Niagara Toronto East Ottawa Essa NE NW
Annual growth rate [%)] 0.78 1.14 1.28 0.41 0.77 0.71 1.42 1.170.33 0.10
2021 due to re|ati\/e|y limited base-load generation cdpac m Average demand for Winter 2007 (12 am-7am)  m Average demand for Spring 2007 (12 am-7 am)

and a potentia| increase on base-load prices due to increa oo Average demand for Summer 2007 (12 am-7 am]  Average demand for Fall 2007 (12 am-7 am)
demand associated with PHEVs, the average HOEP in 2C

is assumed here to be the expected electricity price fohall t =1 '
planning period. b
I11. PHEVS IN ONTARIO 2000
A. Light-duty vehicles 1000 | I_L
Light-duty vehicles are referred to as vehicles with a gro: L - 1. .L -L

weight below 4.5 tonnes. According to the Canadian Vehic._
Survey [35], in a 2005 base, the light-duty vehicle fleet ¢stas
of passenger vehicles with a 58% share, and light trucg,'g'b?;se
including SUVs, vans and pickup trucks with 8%, 16%, and
18% shares, respectively. These shares were considered to
be valid for Ontario. Therefore, the passenger vehicleewegported in [37], confirming the adequacy of the assumptions
classified into 6 types of light-duty vehicles, i.e., compaed ysed here.
mid-size sedan (each with 29% share), and mid-size and fU”-According to [35]' the per Capita number of vehicles in
size SUVs (each with 4% share), vans (16% share) and pickoptario (in a 2005 base) was almost 0.55; this value was
trucks (18% share). considered to be valid during the planning period in thisgrap

In order to find Ontario’'s grid potential for charging theBased on the zonal population and the per capita number of
PHEVs and performing other system related studies, it dgrs, the total number of the 6 types of light-duty vehicles i
first necessary to determine the number of light-duty veliclthe 2009-2025 period can be estimated. The number of light-
during the 2009-2025 period, which in turn requires the £onguty vehicles estimated this way is depicted in Fig. 4 forheac
population levels during the planning period. Therefote t year and zone considered in the study; notice the increase of
population of cities and towns of more than 10,000 inhaltanight-duty vehicles from 7,155,108 in 2009 to 8,614,856 in
were used to find the population of each zone, considering thgos.
geographical location of the zones. The population of each
zone was then scaled up such that the sum of zonal populations » ) )
would equal the 12,861,940 population estimate for Oniamio B+ 1ransition to Grid-charged Vehicles
January 1, 2008 as per [36]. The annual base-load growth rat&he transition to PHEVs in Ontario for the study years is
for each zone was also used to find the zonal population in tagsumed to be as shown in Fig. 5, where K=100 represents a
study period. The total projected population of Ontario®2 100% PHEV penetration into the transport sector. Thesessurv
estimated in this way (15,663,374) is very similar to what ispecify the level of PHEV penetrations to be realized each

Average demand [MW]

Average demands by season during the time period of 1foam
d on 2007 data. Similar patterns can be observed far yshrs.
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B

Expected number of cars [Millions]

Fig. 4. Expected number of light-duty vehicles in Ontarioidgrthe planning period.

[35]. In other words, the electric share of Vehicle Miles
Travelled (VMT) is 60%, and the rest is driven by
gasoline.

o A 70% maximum allowable depth of discharge. Due to
cycle life considerations [11], [38], [39], at most 70%
of the battery’s energy is assumed to be used in charge
depleting mode.

o A 1.4 KW connection power level (120 V/15 A). This is
the capacity of the plug to which the battery is connected

G535 2005 2010 2011 7012 2013 2014 2015 2016 7017 2018 2015 2020 2071 7072 2073 2024 2025 and is based on the assumption that little change will take
place in the standard Ontario household infrastructure.
Note that the continuous rating of a plug circuit is less
than its peak capacity [19], [21].

« An 85% charging efficiency.

Percent of PHEV penetration

Fig. 5. Assumed PHEVs transitions in Ontario.

year, i.e., the percent of the total light-duty vehicles be t
road to be charged from the grid to meet the target value linshould also be pointed out that this study is mainly con-
2025. cerned with generation and transmission system issues, and
Transition 1 in Fig. 5 assumes a sluggish penetration dbes not consider distribution system issues. Nevertheles
PHEYV, in particular from 2009 to 2015, with a faster slop&eeping in mind that onlyoff-peak demand ancdbase-load
thereafter to reach the target value in 2025. Sluggish p@nefgeneration conditions during the time period of 12 am to
tion in the first years provides sufficient time for the depelo 7 am are considered, the total demand levels should not be
ment of required PHEV infrastructure, technology and miarkelose to on-peak conditions; consequently, technicallprob
acceptance. However, the major part of PHEV penetratigoch as overloading of distribution feeders and transfesme
would occur in the time period of 2015-2022 when Ontario’sr potential unbalanced conditions should not be expected t
network is short of base-load capacity. Transition 2 assuanebe a major concern. However, these issues need to be studied
fast penetration of PHEV during the time periods of 2009urther in more detail.

2015 and 2022-2025, with a relatively limited penetration Based on the previous assumptions and the required specific
between 2015 and 2022. This transition is appealing as it P P q P

considers the scarcity of base-load resources between 2 gy [6], [39], [40], the battgry charging .requwememts f
] ; . ifferent types of PHEV30 vehicles shown in Table IIl were
and 2022; however, it requires a fast development of PH

infrastructure, with about 45% of the 2025 target level o(‘f?(ljf(lijrlr?;?gl; f;!;j'Znee(jst:]\éséavrﬁzsénaer:d prlgkldﬁetrr#ecrl,(tss a(rﬁjsaee;/
penetration being realized before 2015. b Y 9 gy req ;

that the charging times fit in the assumed 8 hours (12 am - 7
) am) off-peak time periods. Note that according to the IESO’s
C. Charging demands notation, 12 am - 11 pm represents a full 24-hour time period,
In order to evaluate the PHEVs charging demands tith the first and last hours corresponding to 12 am and 11 pm,
Ontario’s grid, the following assumptions were made: respectively. It is also to be pointed out that a wide disiiim
o A 30 km all electric average daily trip (referred to a®f PHEV vehicle models and technologies are expected to be
PHEV30 hereafter). This covers at least 60% of thiatroduced; the classifications used in this work simply enak
average daily trip range per light-duty vehicle in Ontariaise of representative vehicle types.
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TABLE Il

CHARGING REQUIREMENTS FOR DIFFERENT TYPES OPHEV30 is not very significant in the proposed model for the study

period. Natural gas-fuelled power plants also emit,@0t at

Vehicle type Specific Required  Required Total Charging . i
sy | ieesde | Gmien | smemn | e a substantially lower rate per unit (_)f output energy comgare
requirement  energy size  demand to coal plants, and CHP plants emit an even lower amount of
[kWh/km] [kWh] [kwh] [kwh] [hour] CO, due to their high efficiencies [41]-[43].
Compact sedan  0.16 48 6.86 5.65 4.03 In view of all these considerations, a cQredit was
Mid-size sedan 019 57 814 6.71 479  assigned to each PHEV aqded to_Ontano; transport sector;
o these credits are thus considered in the objective funaifon
Mid-size SUV 0.24 7.2 10.29 8.47 6.05 L . . .

_ the developed optimization model. Note that this is a credit
Full-size SUV 0.29 8.7 1243 1024 713 panefit assumed in the model, and thus it does not necessarily
van 0.29 8.7 1243 1024 713 represent an actual GQemission credit to be traded at the
Pickup truck 0.29 8.7 1243 10.24 7.13  obtained value. This value was generated by the model with

the objective of a maximum utilization of the grid, with

all its relevant constraints, for PHEV charging. It is worth
mentioning that based on a 140 gr/km £@roduction of a
asoline vehicle, which is a typical value for new cars, the

vehicle was considered in this study from 12 am to 7 a nual amount of CQcut by one PHEV30 in a populated
assuming that the charger system’s controller is capable 952 in Ontario is almost equal to 1.5 ton
It . .

providing a smooth charging current and consequently maﬂ
a uniform charging demand during the whole time period. IV. OPTIMIZATION MODEL
Based on these averages, total power requirements of PHEV3ﬂ1 order to find the maximum level of extra load in the

vehicles were calculated for the different zones and yebrs 8. o+ PHEVs that can be added to Ontario’s electricity
the planning period for both assumed transition Curves"':'db""%eéwork between 2009 and 2025, a multi-interval DC optimal

An average hourly power consumption for each type

on a 100% penetration level by 2025; these results are usgd o fiow (OPF) model with loss factor considerations was

to define the zonal demand constraints in the optimizati veloped, based on the proposed zonal model of Ontario’s

mhf’de' d(;sc(:jril.?ed in ,S%Ction V. I,t sholuld be mentiofned th@?ectricity system during base-load time intervals. Cdesi
this methodology yields approximately 8.4 GW o powe(ng a piecewise linearization of power losses, the regultin

requirement for a 100% penetration of PHEVS into Ontario’g timization model is a Mixed Integer Linear Programming

transport sectqr by 2025, i.e., about 26% for the estimat ILP) problem. This section describes in detail the praubs
peak demand in that year. optimization model.

D. Environmental Credit A. Objective Function

PHEVs result in reductions of GHG emission in populated The model’s objective is to minimize the total cost. Thus,
areas; however, in order to cover the PHEVs charging dée following objective function consists of electricitemer-
mands, extra power must be generated by generation fesilitiation and imported/exported power costs and revenue com-
The latter may not necessarily be renewable sources of gneggonents from 12 am to 7 am, as well as the environmental
thus increasing the GHG emission in the power generatigredit components that are assigned to each PHEV added to

area. Consequently, the net emission reduction is direcntario’s transport sector:

influenced by the share of fossil fuel in the marginal genenat

mix. Although high penetration of PHEVs may not necessaril
result in GHG emission reductions in all regions, it woul
help to shift the GHG emissions from millions of tailpipes

in highly populated areas to a limited number of centralhere:

generation power plants, thus facilitating more efficiemitcol
and management of GHG emissions. This can be considered as
an “environmental credit” for PHEVS, even in regions where
coal-fired power plants are the marginal generation regourc
Studies show that PHEVs result in lower GHG emissions
compared to conventional gasoline vehicles even for region
with high CQ, levels from electric generation [12], [20], [21].
Fossil fuel-based resources considered in the mix of On-
tario’s base-load generation in this study include coal@Hie?
plants. Considering that coal plants in Ontario are planned
to be phased out by the end of 2014 [13], the maximum
contributions of coal plants to the total base-load energy i
Ontario has been determined in this study to be 17% in
2008-2010, 14% in 2011, 9% in 2012-2014, and none after
2014; thus, the contribution of coal plants to £6&missions

yz > {(Pgiy + Pimi, — Pex;,). HOEP, x 8 x 365
dyEY iE€EZ

—\;.Nphev;, . EC} (1)

Y'={2009, ...,2025} is the set of indices of planning
years.

Z={1,...,10} is the set of zones or buses in the
simplified network.

Pg;,, Pim;, and Pez;, are zonal generation power,
imported power, and exported power, respectively, in
Zonei and Yeary.

A; is the PHEV penetration level in Zoneby the
end of the planning years, i.e., 2025.

HOEP, is the average Hourly Ontario Energy Price
in Yeary.

Nphevy, is the maximum number of PHEVs in Zone
1 and Yeary based on a 100% penetration level.
EC is the annual environmental credit assigned to
each PHEV.
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B. Constraints tijy(l) < pijy(l —1) (11)

L o ,7) € Q Y L
1) Transmission SysteniThe transmission system model V(.g) €AY EY NLE Ly

in this paper is appropriate for long-term planning Stu{d'eﬁheremjy(l) is a binary variable which adopts the value of
which are mainly concerned about generation, transmission ine value of thdth angle block for the lingi, ;) is equal
and demand of active power [44], [45]. In these studie§, its maximum value\d,; Lo={1,...,L — 1}; L3={2, ..., L};
reactive power and related voltage issues are usuallyeicityr .4 Ly={2,..,L —1}.

represented in the transmission system constraints blgefiurt
limiting the amount of active power that can be transferr
between relevant areas, as discussed in Section IV-B4eTher
fore, the power losses in Ling, j) of the electricity network

L
. 1
can be approximately calculated as: Py, = E l2gijy § Qijy ()85 (1) — bijy (81 — @y)]
PlOSSij = gU (51 — 5])2 (2) (i,j)GQ =1

Considering the line losses model just described, the net
wer injected at Zoneé can be represented as:

12)
whereg;; is the conductance of the line between busasd,

andé denotes the corresponding bus voltage angles. Followindiereb;;, is the susceptance of the lirfg, j) in Yeary. As

the method proposed in [46], a linear approximation of powérresult, the zonal power balance constraints can be ggneral
losses in Yeary can be obtained usind piecewise linear formulated as follows:

blocks as follows:

Pgiy — Plyy + Pimyy, — Pexy,

Sijy = [0iy — 0jyl ®) .
. - > lQQz'jy > iy (D)dijy (1) = bijy (3iy — 65 )] =0
61’ jy — 51’ i l (4) (9)€0 =t
" ; w(l) VieZAyeY
13)
L
Ploss;jy, = gijy Z Qijy (1)0i4 (1) (5) wherePl is the total base-load in each zone and is comprised
=1 of the zonal electricity deman@Pe) and the total PHEVs
where o, (1) and d;, (1) denote the slope and value of théharging powerAPch) as follows:
Ith block of voltage angle, respectively. Assuming that each Pl — Pe. — \:Pche. — 0
angle block has a constant maximum length,, the slope of iy — Fliy = AilCNiy = (14)

the blocks of angles for all line§, j) can be calculated as: VieZnyeY

aiiy(l) = (21 = 1)A4, ©) Note thatPch is the maximum PHEVs charging power for
V(i,j) EQAy €Y 100% penetration by 2025 following the transition patterns

where Q) is the set of indices of transmission lines. Consé&> discussed in Section Iil-C.

quently, each block of voltage angle is bounded between zer?) Z0nal Power Generation LimitZonal power generation
and As,, as follows: in each year is confined by minimum and maximum limits

Pg. and Py,,, respectively. These limits are the minimum
o (7) and maximum effective generation capacities which are-avai

V(i,j) eQnyeY Nl el able in each zone during the planning years in the time period

where L, is the set of total voltage angle blocksof 12 am to 7 am, as discussed in Section II-B, resulting in

L,={1,...,.L}. the following inequality constraints:
To linearize the absolute value in (3), the two new non- o
negative variables;;, andd;;, are defined, together with the Pg,, < Pgiy < Pg;, (15)
following constraints [47]: Vie ZANyeY
5ijy:5i§y+6i‘jy 3) 7 Lo -
P T T ) Zonal Import/Export Power Limits:These limits are
Oy ijy — Oijy (8) stated as:
Sijy > O,6ijy >0
V(i,j) e QAy €Y Pim,, < Pim;, < Pim,
The following constraints are also needed to enforce the Pex,, < Pexyy < Pexyy (16)
adjacency of the angle blocks: ViceZNyeY

#ijy(l)-Ady < 6ijy(l)

(9) where Pim;, and Pim,, are lower and upper bounds of im-
V(i,j) e QANyeY ANl € Ly

ported power, respectively; adeex;, and Pex;, are exported
power minimum and maximum limits, respectively. These

fijy (1 — 1).Ady (10) limits are set based on the arguments presented in Section

Gijy (1) <
EQNyeYNl€E Ls 11-D.

(i, 5)
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Fig. 6. Maximum number of PHEVs for a uniform penetration asrtse& whole of Ontario.

4) Transmission Capacity Constraintsthese constraints solved using the CPLEX solver [49]. The results of these
are defined as: simulations for different assumed scenarios are presemtdd
discussed in this section.

L
—bijy(0iy — jy) + %gijy Z iy (D)8, (1) < Pdjy Various values oFC' in the 10-110 Canadian dollars (CAD)
1=1 range were considered, based on typical social cost values o
1 L o CO, emissions [50], [51], and the annual amount of it
bijy(0iy — 0jy) + 2 Yidy Z ijy (1)0ijy (1) < Prijy by one PHEV30 in Ontario. These values affect the penetratio
=1 levels, as per the objective function (1). It was found thnet t
V(i,j) EQANy €Y (17) maximum penetration levels for all performed studies were

achieved forEC' values larger than 101.18 CAD. Hence, this

where Pd;;, and Pri;, are the maximum capacity of theis the value used in all simulations discussed here.

transmission corrido(i, j) in Year y for direct and reverse
power flow, respectively. These limits have been obtained
based on thermal and stability considerations; for exampk. Scenario 1
reactive power and related .vo.Itage issues are indirectty ac s 5 yniform penetration in all 10 zones across the whole
counted for in these power limits. Ontario is assumed, the maximum possible PHEVs penetration
into Ontario’s transport sector is found to be equal to 6.04%
V. RESULTS ANDDISCUSSION for Transition 1, and 5.84% for Transition 2. As shown
The optimization model proposed in Section IV was coded Fig. 6, these percentages translate into a penetration of
in the AMPL mathematical modeling language [48], and thes20,337 and 503,108 PHEVSs in Ontario’s transport sector by
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Fig. 7. Maximum number of PHEVs based on different zonal patietr levels in Ontario.

2025, respectively. These results basically reflect theémmamx  respectively. As shown in Fig. 7, the total numbers of PHEVs
potential of Ontario’s grid for supplying extra load in then Ontario by 2025 for this scenario are found to be 519,715
form of PHEVs, considering the power system main costnd 502,372 for Transitions 1 and 2, respectively.

and its limits, which include the security limits of the majo

transmission corridors. C. Scenario 3

In this scenario, PHEVs are confined to the transport sector
) ) ) ) ) of the Toronto zone. If all the PHEVs are supposed to be

In this scenario, the maximum penetration level in eaifherated in the Toronto zone, the maximum penetrationdevel
zone by 2025 is assumed to be proportional to the maximyg} Transitions 1 and 2 are found to be equal to 12.96% and
number of light-duty vehicles in the corresponding zongy 5294 respectively. As shown in Fig. 8, these penetration
This assumption is based on greater penetration levels|des translate into 517,557 and 499,986 PHEVs in Torento’

the more populated zones of Ontario such as Toronto dygnsport sector for Transitions 1 and 2, respectively.
to the environmental advantages of such a distribution. The

maximum penetration levels in percentages obtained in this ) )

case are depicted in Table IV. Observe in Table IV th&: Discussion and Comparison

more than 10% PHEVs penetration into Toronto’s transport The previous results show that the ultimate numbers of
sector is feasible in this case; this translates into 41681 PHEVs that can be introduced into Ontario’s transport secto
402,944 PHEVs in this zone by 2025 for Transitions 1 and By 2025 are not substantially influenced by the assumed

B. Scenario 2
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TABLE IV
MAXIMUM PHEVS PENETRATION LEVELS IN% BY 2025IN DIFFERENT ZONES OFONTARIO FOR DIFFERENT TRANSITIONS
Zone Bruce West SW Niagara Toronto East Ottawa Essa NE NW
Transition 1 0.05 209 3.77 0.73 10.44 0.92 1.94 155 0.82 90.1
Transition 2 0.05 2.02 3.65 0.71 10.09 0.89 1.87 150 0.79 90.1

scenarios and transitions, since the maximum number ¢ =
PHEVs by 2025 was found to be 520,337 for Scenario
and Transition 1, while the minimum number of PHEVs was
found to be 499,986 for Scenario 3 and Transition 2. Observ
that the greater number of PHEVSs is obtained when these a
distributed across all of Ontario; this is to be expectedeigi
the transmission system characteristics and limits.

For all the assumed scenarios, somewhat higher penetratir
levels are achieved for Transition 1; there are lower nusiber

500

400

300

200

100

Total number of PHEVs [Thousands)

Of PH EVS durlng the tlme perIOd Of 2009_2018, Whlle there 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
is a greater penetration of PHEVs thereafter up to 202L
when compared to Transition 2. It is worth noting that the (a) Transition 1

differences in the total costs for both transitions and &l
scenarios are quite negligible; thus, there is no significar
economical advantage on one particular transition. Thesef
the availability of required PHEV infrastructure in Ontari
would be the main deciding factor on determining the mos
appropriate transition.

600

200

=
=]
s

300

200

VI. CONCLUSIONS

100 =

Total number of PHEVs [Thousands)

The feasibility of charging PHEVs in Ontario during off- .
peak periOdS USing the existing and p|anned eleCtriCith 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
as per the IPSP, was studied in this paper. Based on the
notion of efficient utilization of the existing infrastruse
and the concept of integrated energy systems, an optimizatfig. 8. Maximum number of PHEVs in Toronto’s transport sector.
model with environmental considerations was developed for
an integrated electricity and transport system in Ontario.
This optimization model, which is based on a zonal model
of Ontario’s transmission network and base-load generatio _ _ _
Capacity between 2009 and 2025, was used to find the max:rhe authors would like to thank Professors Jatin Nathwani
imum penetration levels of PHEVs into Ontario’s transpond Kankar Bhattacharya from the University of Waterloo for
sector by 2025, assuming different transition patternse TEheir helpful suggestions and comments.
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