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Abstract—This paper analyses the feasibility of optimally
utilizing Ontario’s grid potential for charging Plug-in Hybrid
Electric Vehicles (PHEVs) during off-peak periods. Based on
a simplified zonal model of Ontario’s electricity transmission
network and a zonal pattern of base-load generation capacity
from 2009 to 2025, an optimization model is developed to find
the optimal as well as maximum penetrations of PHEVs into
Ontario’s transport sector. The results of this study demonstrate
that the present and projected electricity grid in Ontario can be
optimally exploited for charging almost 6% of the total vehicles
in Ontario or 12.5% of the vehicles in Toronto’s transport sector
by 2025; this corresponds to approximately 500,000 PHEVs that
can be charged from the grid without any additional transmission
or power generation investments beyond those currently planned.

Index Terms—Plug-in Hybrid Electric Vehicle, transportation,
electricity grid, planning, optimization, Ontario.

I. I NTRODUCTION

ENERGYutilities are presented with the challenges of
increased energy demand and the need to immediately

address environmental concerns such as climate change. Due
to population and economic growth, the global demand for
energy is expected to increase by 50% over the next 25
years [1], [2]. This large increase in demand along with the
dwindling supply of fossil fuels has raised concerns over the
security of the energy supply.

The transport sector is one of the largest and fastest grow-
ing contributors to energy demand, urban air pollution and
greenhouse gases, which are major issues for the sector in
view of the challenges associated with the supply of oil and
expected higher gasoline prices, as well as tighter emission
requirements. In the case of Canada’s transport sector, it
represents almost 35% of the total energy demand and is
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the second highest source of greenhouse gas emissions [3],
[4]. Therefore, the subject of alternative fuels for meeting
the future energy demand of the transport sector has gained
much attention due to the present energy and environmental
concerns.

Hybrid Electric Vehicle (HEV) technology presents an
option for significant reductions in gasoline consumption
as well as smog precursor and greenhouse gas emissions.
This is achieved through the possibility of downsizing the
engine and the ability to recover a substantial amount of
the vehicle’s kinetic energy in the battery storage system
through regenerative braking [5]–[7]. However, HEVs still
suffer from their dependence on a single hydrocarbon fuel
source and range limitations. The emerging Plug-in Hybrid
Electric Vehicle (PHEV) is somewhat similar to a conventional
HEV, but features a much larger onboard battery and a plug-
in charger; this helps it to achieve a large All-Electric-Range
(AER) capability for the initial portion of a driving trip. The
main advantage of PHEV technology is that the vehicle is
not dependent on a single fuel source; thus, it can travel the
first 30 km or more on battery power alone, without running
the internal combustion engine. This allows the completion
of daily trips on battery power alone, and thus substantially
reduces gasoline consumption as well as cold-start emissions
[7]–[10]. However, at the present state of technological devel-
opment, there are still some concerns regarding the viability of
PHEVs; in particular energy storage costs, range and durability
are the major challenges that must be overcome [11].

Present and future electrical infrastructures are designed to
meet the highest expected demand, which occurs only a few
hundred hours per year. Hence, the grid is in general underuti-
lized and thus could generate and deliver a substantial amount
of energy to charge the batteries in PHEVs. Nevertheless, the
introduction of PHEVs in the transport sector must consider
their interaction with existing and planned electrical energy
resources. Thus, if electricity is produced from high polluting
sources, the environmental advantages of PHEVs are limited
[12]. In the case of Ontario, as per the Integrated Power
System Plan (IPSP) [13], most of the electricity generation
by 2025 will be environmentally friendly, as coal plants are
planned to be phased out in 2014. Furthermore, the develop-
ment of renewable energy resources is a particular concern
in the IPSP; for example, the target value of total renewable
energy in 2025 is 15,700 MW, which is about 40% of total
capacity, of which about 4,700 MW is wind power [14].
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However, the intermittent behaviour of wind and solar, and
their consequent low capacity factors make the developmentof
these resources a challenging task and thus they are often the
subject of criticism. In this context, the integration of PHEVs
into Ontario’s transport sector will provide energy storage
capacity for Ontario’s grid, thus facilitating the integration of
intermittent energy resources such as wind and solar.

In the past, energy infrastructure projects have typically
been planned and operated separately, but the present trendis
to move towards an integrated view, because of the common
technical and economic interactions between different types of
energy infrastructure [15]–[18]. PHEV technology is a prime
example of the integration of the transport sector with power
systems to improve the efficiency of both. In this case, the
integration of the energy demand for electrical power with the
energy demand for transportation fuel is of particular interest.
With this in mind, appropriate quantitative tools and planning
models for the transition to PHEVs should be developed in
order to maximize its environmental benefits and to minimize
its corresponding costs.

In view of the technical and environmental advantages of
PHEVs, the possible impacts on the grid as a result of the
PHEV load should be analyzed in detail. For example, in
[19], both PHEV charging and discharging is studied in six
geographic regions in the United States to examine the grid
impacts for different PHEV penetration levels up to a max-
imum level of 50%; this study disregards the environmental
impacts as well as different types of vehicles, and it assumes
a unique average value for the energy requirements of all
PHEVs. Based on different charging scenarios, the authors
in [20] evaluate various PHEV-charging impacts on utility
system operations within the Xcel Energy Colorado service
territory; environmental issues are also studied, evaluating
different types of emissions considering the time of charging
and the marginal power plant. In [21], the impact of PHEVs on
both generation supply and emission for the Virginia-Carolinas
electric grid in 2018 is evaluated for different charging levels
and timing, based on a gradual ramp up of PHEV market
share to 25% in 2018; this analysis is also extended to all
regions of the U.S., finding the marginal power plants in
different regions for different charging patterns. In [22], the
percentage of the U.S. light-duty vehicle that could potentially
be supplied by U.S. electricity infrastructure without additional
investments in generation, transmission and distributionca-
pacities is estimated in 2007; the impact on overall emissions
of criteria gases and greenhouse gases is also studied. Smart
demand management of power systems integrated with PHEVs
is studied in [23] for an urban area with a relatively small
number of PHEVs; a smart agent-based demand management
scheme is proposed based on nonlinear pricing to assure
proper distribution of the available energy to PHEV customers.
The issue of PHEV charging strategies and their impacts on
generation expansion planning is studied in [24]; this study
identifies the future required generation infrastructure based
on an assumed high penetration of PHEVs.

The current paper discusses the transition to grid-charged
vehicles in Ontario, Canada. Motivated by the notion of effi-
cient utilization of the existing infrastructure and the concept

of integrated energy systems, an optimization planning model
that takes into account both electricity and transport sectors as
one integrated system is presented and discussed. Considering
the future development of both power generation and elec-
tricity transmission capacities in Ontario between 2009 and
2025 based on Ontario’s IPSP [13], this paper aims to find the
maximum level of PHEV’s penetration into Ontario’s transport
sector within this constrained planning framework, takinginto
account the environmental benefits of PHEVs. Specifically,
this paper intends to determine the maximum percentage of
cars on the road in different zones of Ontario that could be
recharged from the grid during off-peak electricity price time
intervals. The main goal of the present research is to determine
how Ontario’s electricity network can be optimally exploited
during the base load periods for charging the PHEVs, without
jeopardizing the reliability of the system through stressing
the system at peak demand periods or developing a new and
separate infrastructure to cover the electricity requirement of
PHEVs.

The remainder of the paper is structured as follows: In Sec-
tion II, appropriate models for the proposed Ontario-centered
studies are briefly described, including a simplified transmis-
sion network and planned generation capacity contributingto
base-load energy in each zone; the required electricity system
data is also discussed in this section. Different aspects of
PHEVs in the context of Ontario such as different penetration
trends, energy and power requirements, and environmental
issues are discussed in Section III. The proposed optimization
model is described in Section IV. The results obtained from
the proposed models and data are presented and discussed in
Section V. Finally, Section VI summarizes the main conclu-
sions and contributions of the present study.

II. ONTARIO ELECTRICITY SYSTEM MODEL

A. Electricity Network Model

The Ontario’s Independent Electricity System Operator
(IESO) represents the Ontario network with 10 zones [25].
This same representation is used in this work to develop
the 10-bus simplified model of Ontario’s network shown in
Fig. 1, which considers the main grid load and generation
centers and transmission corridors. This model is mostly a
500 kV network, with a 230 kV interconnection between NE
and NW. Hence, the parameters used to model this network
are based on typical values of 500 and 230 kV networks,
considering the approximate distances between zones and
transmission capacities, as per general information provided
by the IESO [25]. Based on the existing and planned projects
provided by the Ontario Power Authority (OPA) [13], [26],
the transmission capacity enhancements presented in TableI
are assumed for the simplified model used in this study.

B. Electricity Generation Model

Based on the Ontario IPSP and a variety of information
provided by the OPA and the IESO [13], [14], [26]–[31],
a zonal pattern of generation capacity between 2008 and
2025 that is contributing to base-load energy in Ontario was
developed. This pattern shown in Fig. 2 specifies the total
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Fig. 1. Simplified model of Ontario’s grid.

TABLE I
ESTIMATED TRANSMISSION CORRIDOR ENHANCEMENTS FOR SIMPLIFIED

GRID MODEL

Year Corridor Current MW Planned MW

2012 Bruce-SW 2560 4560

2012 SW-Toronto 3212 5212

2013 NE-NW 350 550

2015 Bruce-West 1940 2440

2017 Toronto-Essa 2000 2500

2017 Essa-NE 1900 2400

effective generation capacity which is available in each zone to
supply base-load. The mix of base-load generation resources
in Ontario considered in this model includes nuclear, wind,
hydro (only those units with limited dispatch capability and
small scale units less than 10 MW), Combined Heat and Power
(CHP), Conservation and Demand Management (CDM), and
coal. It is important to mention that the contribution of gas-
fired generation to base-load energy has been disregarded in
this study, based on the Ontario government’s 2006 Supply
Mix Directive indicating that natural gas should be used
only at peak-load times and in high-efficiency and high-value
applications [13], [32]. Also, the new nuclear units which are
planned to be in service in 2018 are assumed to be in the
Toronto zone.

C. Base-load Electricity Demand Model

Based on the zonal peak demand forecast from 2007 to 2015
[33], approximate values of annual peak demand growth rate
were determined and are reflected in Table II. It is assumed
here that these values apply to all future years up to 2025.

As per [28], [29], the average base and peak-load values in
Ontario from 2007 to 2025 will increase by 21% and 24%,

respectively. On average, these load increases translate into
1.11% and 1.26% of respective base and peak-load annual
growth rates for all of Ontario. Based on the data in Table
II, the base-load growth rate in the whole of Ontario was
decomposed into individual zones. The resulting annual zonal
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 demands, were
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 demand
periods. As a conservative assumption, the model utilizes the
larger winter base-load demands for generating the base-load
data during the planning study, as per Fig. 3, which shows that
larger base-load demands occur during winter time in almost
all zones of Ontario.

Comparing the total effective generation capacity in Ontario
with the expected base-load shows that there is a capacity
deficit to supply base load power from 2016 to 2021. This is
mainly due to retirement of coal plants and refurbishments of
both Bruce B and Pickering B nuclear units. The possible
supply alternatives for covering this power deficit include
power imports from neighbouring grids, contributions from
further conservation, renewable and CHP resources in excess
of planned levels, and contributions from intermediate-load
resources such as combined cycle gas turbines [28]. Since
there are strong tie lines with New York and Michigan, and
an Ontario-Quebec HVDC interconnection is scheduled to be
operational by 2010 [14], the base-load deficit is assumed here
to be supplied by power imports, as discussed in more detail
below.

D. Imports/Exports in Ontario

Since there is surplus capacity during the base-load periods
in the Bruce and Niagara zones, the possibility of power
exports to Michigan and New York through the West and
Niagara zones, respectively, has been considered. Furthermore,
a maximum of 1500 MW of power imports from New York
and Quebec from 2015-2022 is assumed for the East zone.
Power imports in both NE and NW from Quebec and Mani-
toba/Minnesota, respectively, are also considered in thisstudy;
thus, a maximum of 500 MW of imports in both NE and NW
are assumed from 2015-2022. Also, a maximum of 250 MW
imported power in NW is assumed in other years within the
planning period.

E. Base-load Electricity Price

Study on off-peak electricity prices in Ontario shows in
general a declining trend. For example, the average Hourly
Ontario Energy Price (HOEP) in Winter time during the
time period from 12 am to 7 am has decreased from 49.23
$CAD/MWh in 2006 to 34.14 $CAD/MWh in 2008. However,
considering the expected price increase between 2016 and
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Fig. 2. Zonal effective generation capacity in Ontario contributing to base load energy.

TABLE II
ESTIMATED PERCENT OF ZONAL ANNUAL PEAK-DEMAND 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 1.17-0.33 0.10

2021 due to relatively limited base-load generation capacity
and a potential increase on base-load prices due to increased
demand associated with PHEVs, the average HOEP in 2008
is assumed here to be the expected electricity price for all the
planning period.

III. PHEVS IN ONTARIO

A. Light-duty vehicles

Light-duty vehicles are referred to as vehicles with a gross
weight below 4.5 tonnes. According to the Canadian Vehicle
Survey [35], in a 2005 base, the light-duty vehicle fleet consists
of passenger vehicles with a 58% share, and light trucks
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 vehicles were
classified into 6 types of light-duty vehicles, i.e., compact and
mid-size sedan (each with 29% share), and mid-size and full-
size SUVs (each with 4% share), vans (16% share) and pickup
trucks (18% share).

In order to find Ontario’s grid potential for charging the
PHEVs and performing other system related studies, it is
first necessary to determine the number of light-duty vehicles
during the 2009-2025 period, which in turn requires the zonal
population levels during the planning period. Therefore, the
population of cities and towns of more than 10,000 inhabitants
were used to find the population of each zone, considering the
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 Ontarioon
January 1, 2008 as per [36]. The annual base-load growth rate
for each zone was also used to find the zonal population in the
study period. The total projected population of Ontario in 2025
estimated in this way (15,663,374) is very similar to what is

Fig. 3. Average demands by season during the time period of 12 amto 7
am based on 2007 data. Similar patterns can be observed for other years.

reported in [37], confirming the adequacy of the assumptions
used here.

According to [35], the per capita number of vehicles in
Ontario (in a 2005 base) was almost 0.55; this value was
considered to be valid during the planning period in this paper.
Based on the zonal population and the per capita number of
cars, the total number of the 6 types of light-duty vehicles in
the 2009-2025 period can be estimated. The number of light-
duty vehicles estimated this way is depicted in Fig. 4 for each
year and zone considered in the study; notice the increase of
light-duty vehicles from 7,155,108 in 2009 to 8,614,856 in
2025.

B. Transition to Grid-charged Vehicles

The transition to PHEVs in Ontario for the study years is
assumed to be as shown in Fig. 5, where K=100 represents a
100% PHEV penetration into the transport sector. These curves
specify the level of PHEV penetrations to be realized each
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Fig. 4. Expected number of light-duty vehicles in Ontario during the planning period.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
0  

0.1 K

0.2 K

0.3 K

0.4 K

0.5 K

0.6 K

0.7 K

0.8 K

0.9 K

1 K  

P
er

ce
nt

 o
f P

H
E

V
 p

en
et

ra
tio

n

 

 
Transition 1
Transition 2

Fig. 5. Assumed PHEVs transitions in Ontario.

year, i.e., the percent of the total light-duty vehicles on the
road to be charged from the grid to meet the target value in
2025.

Transition 1 in Fig. 5 assumes a sluggish penetration of
PHEV, in particular from 2009 to 2015, with a faster slope
thereafter to reach the target value in 2025. Sluggish penetra-
tion in the first years provides sufficient time for the develop-
ment of required PHEV infrastructure, technology and market
acceptance. However, the major part of PHEV penetration
would occur in the time period of 2015-2022 when Ontario’s
network is short of base-load capacity. Transition 2 assumes a
fast penetration of PHEV during the time periods of 2009-
2015 and 2022-2025, with a relatively limited penetration
between 2015 and 2022. This transition is appealing as it
considers the scarcity of base-load resources between 2015
and 2022; however, it requires a fast development of PHEV
infrastructure, with about 45% of the 2025 target level of
penetration being realized before 2015.

C. Charging demands

In order to evaluate the PHEVs charging demands on
Ontario’s grid, the following assumptions were made:

• A 30 km all electric average daily trip (referred to as
PHEV30 hereafter). This covers at least 60% of the
average daily trip range per light-duty vehicle in Ontario

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

• 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.

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

It should also be pointed out that this study is mainly con-
cerned with generation and transmission system issues, and
does not consider distribution system issues. Nevertheless,
keeping in mind that onlyoff-peak demand andbase-load
generation conditions during the time period of 12 am to
7 am are considered, the total demand levels should not be
close to on-peak conditions; consequently, technical problems
such as overloading of distribution feeders and transformers
or potential unbalanced conditions should not be expected to
be a major concern. However, these issues need to be studied
further in more detail.

Based on the previous assumptions and the required specific
energy [6], [39], [40], the battery charging requirements for
different types of PHEV30 vehicles shown in Table III were
calculated; full-size SUVs, vans, and pickup trucks are ap-
proximately assigned the same energy requirements. Observe
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
notation, 12 am - 11 pm represents a full 24-hour time period,
with the first and last hours corresponding to 12 am and 11 pm,
respectively. It is also to be pointed out that a wide distribution
of PHEV vehicle models and technologies are expected to be
introduced; the classifications used in this work simply make
use of representative vehicle types.
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TABLE III
CHARGING REQUIREMENTS FOR DIFFERENT TYPES OFPHEV30

Vehicle type Specific Required Required Total Charging
energy useable battery energy time

requirement energy size demand
[kWh/km] [kWh] [kWh] [kWh] [hour]

Compact sedan 0.16 4.8 6.86 5.65 4.03

Mid-size sedan 0.19 5.7 8.14 6.71 4.79

Mid-size SUV 0.24 7.2 10.29 8.47 6.05

Full-size SUV 0.29 8.7 12.43 10.24 7.13

Van 0.29 8.7 12.43 10.24 7.13

Pickup truck 0.29 8.7 12.43 10.24 7.13

An average hourly power consumption for each type of
vehicle was considered in this study from 12 am to 7 am,
assuming that the charger system’s controller is capable of
providing a smooth charging current and consequently make
a uniform charging demand during the whole time period.
Based on these averages, total power requirements of PHEV30
vehicles were calculated for the different zones and years of
the planning period for both assumed transition curves, based
on a 100% penetration level by 2025; these results are used
to define the zonal demand constraints in the optimization
model described in Section IV. It should be mentioned that
this methodology yields approximately 8.4 GW of power
requirement for a 100% penetration of PHEVs into Ontario’s
transport sector by 2025, i.e., about 26% for the estimated
peak demand in that year.

D. Environmental Credit

PHEVs result in reductions of GHG emission in populated
areas; however, in order to cover the PHEVs charging de-
mands, extra power must be generated by generation facilities.
The latter may not necessarily be renewable sources of energy,
thus increasing the GHG emission in the power generation
area. Consequently, the net emission reduction is directly
influenced by the share of fossil fuel in the marginal generation
mix. Although high penetration of PHEVs may not necessarily
result in GHG emission reductions in all regions, it would
help to shift the GHG emissions from millions of tailpipes
in highly populated areas to a limited number of central
generation power plants, thus facilitating more efficient control
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 resource.
Studies show that PHEVs result in lower GHG emissions
compared to conventional gasoline vehicles even for regions
with high CO2 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 andCHP
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 in
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 CO2 emissions

is not very significant in the proposed model for the study
period. Natural gas-fuelled power plants also emit CO2 but at
a substantially lower rate per unit of output energy compared
to coal plants, and CHP plants emit an even lower amount of
CO2 due to their high efficiencies [41]–[43].

In view of all these considerations, a CO2 credit was
assigned to each PHEV added to Ontario’s transport sector;
these credits are thus considered in the objective functionof
the developed optimization model. Note that this is a creditor
benefit assumed in the model, and thus it does not necessarily
represent an actual CO2 emission credit to be traded at the
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 CO2 production of a
gasoline vehicle, which is a typical value for new cars, the
annual amount of CO2 cut by one PHEV30 in a populated
area in Ontario is almost equal to 1.5 ton.

IV. OPTIMIZATION MODEL

In order to find the maximum level of extra load in the
form of PHEVs that can be added to Ontario’s electricity
network between 2009 and 2025, a multi-interval DC optimal
power flow (OPF) model with loss factor considerations was
developed, based on the proposed zonal model of Ontario’s
electricity system during base-load time intervals. Consider-
ing a piecewise linearization of power losses, the resulting
optimization model is a Mixed Integer Linear Programming
(MILP) problem. This section describes in detail the proposed
optimization model.

A. Objective Function

The model’s objective is to minimize the total cost. Thus,
the following objective function consists of electricity gener-
ation and imported/exported power costs and revenue com-
ponents from 12 am to 7 am, as well as the environmental
credit components that are assigned to each PHEV added to
Ontario’s transport sector:
∑

y∈Y

∑

i∈Z

{(Pgiy + Pimiy − Pexiy).HOEPy × 8 × 365

−λi.Npheviy.EC} (1)

where:
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.
Pgiy, Pimiy andPexiy are zonal generation power,
imported power, and exported power, respectively, in
Zone i and Yeary.
λi is the PHEV penetration level in Zonei by the
end of the planning years, i.e., 2025.
HOEPy is the average Hourly Ontario Energy Price
in Year y.
Npheviy is the maximum number of PHEVs in Zone
i and Yeary based on a 100% penetration level.
EC is the annual environmental credit assigned to
each PHEV.
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B. Constraints

1) Transmission System:The transmission system model
in this paper is appropriate for long-term planning studies,
which are mainly concerned about generation, transmission
and demand of active power [44], [45]. In these studies,
reactive power and related voltage issues are usually indirectly
represented in the transmission system constraints by further
limiting the amount of active power that can be transferred
between relevant areas, as discussed in Section IV-B4. There-
fore, the power losses in Line(i, j) of the electricity network
can be approximately calculated as:

Plossij
∼= gij(δi − δj)

2 (2)

wheregij is the conductance of the line between busesi andj,
andδ denotes the corresponding bus voltage angles. Following
the method proposed in [46], a linear approximation of power
losses in Yeary can be obtained usingL piecewise linear
blocks as follows:

δijy = |δiy − δjy| (3)

δijy =

L
∑

l=1

δijy(l) (4)

Plossijy = gijy

L
∑

l=1

αijy(l)δijy(l) (5)

whereαijy(l) and δijy(l) denote the slope and value of the
lth block of voltage angle, respectively. Assuming that each
angle block has a constant maximum length∆δy, the slope of
the blocks of angles for all lines(i, j) can be calculated as:

αijy(l) = (2l − 1)∆δy

∀(i, j) ∈ Ω ∧ y ∈ Y
(6)

where Ω is the set of indices of transmission lines. Conse-
quently, each block of voltage angle is bounded between zero
and∆δy, as follows:

0 ≤ δijy(l) ≤ ∆δy

∀(i, j) ∈ Ω ∧ y ∈ Y ∧ l ∈ L1
(7)

where L1 is the set of total voltage angle blocks;
L1={1, ..., L}.

To linearize the absolute value in (3), the two new non-
negative variablesδ+

ijy andδ−ijy are defined, together with the
following constraints [47]:

δijy = δ+
ijy + δ−ijy

δiy − δjy = δ+
ijy − δ−ijy

δ+
ijy ≥ 0, δ−ijy ≥ 0

∀(i, j) ∈ Ω ∧ y ∈ Y

(8)

The following constraints are also needed to enforce the
adjacency of the angle blocks:

µijy(l).∆δy ≤ δijy(l)
∀(i, j) ∈ Ω ∧ y ∈ Y ∧ l ∈ L2

(9)

δijy(l) ≤ µijy(l − 1).∆δy

∀(i, j) ∈ Ω ∧ y ∈ Y ∧ l ∈ L3
(10)

µijy(l) ≤ µijy(l − 1)
∀(i, j) ∈ Ω ∧ y ∈ Y ∧ l ∈ L4

(11)

whereµijy(l) is a binary variable which adopts the value of
1 if the value of thelth angle block for the line(i, j) is equal
to its maximum value∆δy; L2={1, ..., L − 1}; L3={2, ..., L};
andL4={2, ..., L − 1}.

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

Piy =
∑

(i,j)∈Ω

[

1

2
gijy

L
∑

l=1

αijy(l)δijy(l) − bijy(δiy − δjy)

]

(12)

wherebijy is the susceptance of the line(i, j) in Year y. As
a result, the zonal power balance constraints can be generally
formulated as follows:

Pgiy − Pliy + Pimiy − Pexiy

−
∑

(i,j)∈Ω

[

1

2
gijy

L
∑

l=1

αijy(l)δijy(l) − bijy(δiy − δjy)

]

= 0

∀i ∈ Z ∧ y ∈ Y

(13)

wherePl is the total base-load in each zone and is comprised
of the zonal electricity demand(Pe) and the total PHEVs
charging power(λPch) as follows:

Pliy − Peiy − λiPchiy = 0
∀i ∈ Z ∧ y ∈ Y

(14)

Note thatPch is the maximum PHEVs charging power for
100% penetration by 2025 following the transition patterns,
as discussed in Section III-C.

2) Zonal Power Generation Limits:Zonal power generation
in each year is confined by minimum and maximum limits
Pg

iy
and Pgiy, respectively. These limits are the minimum

and maximum effective generation capacities which are avail-
able in each zone during the planning years in the time period
of 12 am to 7 am, as discussed in Section II-B, resulting in
the following inequality constraints:

Pg
iy

≤ Pgiy ≤ Pgiy

∀i ∈ Z ∧ y ∈ Y
(15)

3) Zonal Import/Export Power Limits:These limits are
stated as:

Pimiy ≤ Pimiy ≤ Pimiy

Pexiy ≤ Pexiy ≤ Pexiy

∀i ∈ Z ∧ y ∈ Y

(16)

wherePimiy andPimiy are lower and upper bounds of im-
ported power, respectively; andPexiy andPexiy are exported
power minimum and maximum limits, respectively. These
limits are set based on the arguments presented in Section
II-D.
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(a) Transition 1

(b) Transition 2

Fig. 6. Maximum number of PHEVs for a uniform penetration across the whole of Ontario.

4) Transmission Capacity Constraints:These constraints
are defined as:

−bijy(δiy − δjy) +
1

2
gijy

L
∑

l=1

αijy(l)δijy(l) ≤ Pdijy

bijy(δiy − δjy) +
1

2
gijy

L
∑

l=1

αijy(l)δijy(l) ≤ Prijy

∀(i, j) ∈ Ω ∧ y ∈ Y (17)

where Pdijy and Prijy are the maximum capacity of the
transmission corridor(i, j) in Year y for direct and reverse
power flow, respectively. These limits have been obtained
based on thermal and stability considerations; for example,
reactive power and related voltage issues are indirectly ac-
counted for in these power limits.

V. RESULTS AND DISCUSSION

The optimization model proposed in Section IV was coded
in the AMPL mathematical modeling language [48], and then

solved using the CPLEX solver [49]. The results of these
simulations for different assumed scenarios are presentedand
discussed in this section.

Various values ofEC in the 10-110 Canadian dollars (CAD)
range were considered, based on typical social cost values of
CO2 emissions [50], [51], and the annual amount of CO2 cut
by one PHEV30 in Ontario. These values affect the penetration
levels, as per the objective function (1). It was found that the
maximum penetration levels for all performed studies were
achieved forEC values larger than 101.18 CAD. Hence, this
is the value used in all simulations discussed here.

A. Scenario 1

If a uniform penetration in all 10 zones across the whole
Ontario is assumed, the maximum possible PHEVs penetration
into Ontario’s transport sector is found to be equal to 6.04%
for Transition 1, and 5.84% for Transition 2. As shown
in Fig. 6, these percentages translate into a penetration of
520,337 and 503,108 PHEVs in Ontario’s transport sector by
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(a) Transition 1

(b) Transition 2

Fig. 7. Maximum number of PHEVs based on different zonal penetration levels in Ontario.

2025, respectively. These results basically reflect the maximum
potential of Ontario’s grid for supplying extra load in the
form of PHEVs, considering the power system main costs
and its limits, which include the security limits of the major
transmission corridors.

B. Scenario 2

In this scenario, the maximum penetration level in each
zone by 2025 is assumed to be proportional to the maximum
number of light-duty vehicles in the corresponding zone.
This assumption is based on greater penetration levels in
the more populated zones of Ontario such as Toronto due
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 that
more than 10% PHEVs penetration into Toronto’s transport
sector is feasible in this case; this translates into 416,921 and
402,944 PHEVs in this zone by 2025 for Transitions 1 and 2,

respectively. As shown in Fig. 7, the total numbers of PHEVs
in Ontario by 2025 for this scenario are found to be 519,715
and 502,372 for Transitions 1 and 2, respectively.

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
operated in the Toronto zone, the maximum penetration levels
for Transitions 1 and 2 are found to be equal to 12.96% and
12.52%, respectively. As shown in Fig. 8, these penetration
levels translate into 517,557 and 499,986 PHEVs in Toronto’s
transport sector for Transitions 1 and 2, respectively.

D. Discussion and Comparison

The previous results show that the ultimate numbers of
PHEVs that can be introduced into Ontario’s transport sector
by 2025 are not substantially influenced by the assumed
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TABLE IV
MAXIMUM PHEVS PENETRATION LEVELS IN% BY 2025 IN DIFFERENT ZONES OFONTARIO FOR DIFFERENT TRANSITIONS

Zone Bruce West SW Niagara Toronto East Ottawa Essa NE NW

Transition 1 0.05 2.09 3.77 0.73 10.44 0.92 1.94 1.55 0.82 0.19

Transition 2 0.05 2.02 3.65 0.71 10.09 0.89 1.87 1.50 0.79 0.19

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

For all the assumed scenarios, somewhat higher penetration
levels are achieved for Transition 1; there are lower numbers
of PHEVs during the time period of 2009-2018, while there
is a greater penetration of PHEVs thereafter up to 2025
when compared to Transition 2. It is worth noting that the
differences in the total costs for both transitions and assumed
scenarios are quite negligible; thus, there is no significant
economical advantage on one particular transition. Therefore,
the availability of required PHEV infrastructure in Ontario
would be the main deciding factor on determining the most
appropriate transition.

VI. CONCLUSIONS

The feasibility of charging PHEVs in Ontario during off-
peak periods using the existing and planned electricity system,
as per the IPSP, was studied in this paper. Based on the
notion of efficient utilization of the existing infrastructure
and the concept of integrated energy systems, an optimization
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 generation
capacity between 2009 and 2025, was used to find the max-
imum penetration levels of PHEVs into Ontario’s transport
sector by 2025, assuming different transition patterns. The
performed studies demonstrate that about 6% PHEV uniform
penetration by 2025 can be optimally realized in Ontario. If
PHEV penetrations by 2025 in different zones of Ontario are
assumed to be proportional to the maximum number of zonal
vehicles, the maximum possible PHEV penetration by 2025
is about 10.5% in Toronto, the most densely populated zone
in Ontario. If all the PHEVs are assumed to be confined
to the Toronto zone, at least 12.5% of the total light-duty
vehicles in this zone can be economically and reliably charged
from the grid by 2025. From the different transitions and
scenarios studied, it is shown that about 500,000 PHEVs can
be introduced into Ontario’s transport sector by 2025, without
jeopardizing the reliability of the electricity system or the
need to develop new or separate infrastructure to cover the
electricity requirements of PHEVs. Future work will explore
the impact of assumptions such as 30 km vehicle range, drive
cycle behaviour and constrained charging periods.

(a) Transition 1

(b) Transition 2

Fig. 8. Maximum number of PHEVs in Toronto’s transport sector.
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