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Abstract

Plug-in hybrid electric vehicles (PHEVs) are hybrid electric vehicles that can draw and store energy from an electric grid to supply
propulsive energy for the vehicle. This simple functional change to the conventional hybrid electric vehicle allows a plug-in hybrid to
displace petroleum energy with multi-source electrical energy. This has important and generally beneficial impacts on transportation
energy sector petroleum consumption, criteria emissions output, and carbon dioxide emissions, as well as on the performance and
makeup of the electrical grid. PHEVs are seen as one of the most promising means to improve the near-term sustainability of the
transportation and stationary energy sectors. This review presents the basic design considerations for PHEVs including vehicle
architecture, energy management systems, drivetrain component function, energy storage tradeoffs and grid connections. The general
design characteristics of PHEVs are derived from a summary of recent PHEV design studies and vehicle demonstrations. The
sustainability impact of PHEVs is assessed from a review of recent studies and current research and development needs for PHEVs are
proposed.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The personal transportation energy sector has been
particularly resistant to diversification of its energy inputs
toward more sustainable energy sources. In 2005, less than
1% of the 28 quads of energy in the US transportation
energy sector came from renewable sources, primarily
alcohol biofuels [1]. The dearth of non-petroleum energy
sources for transportation is due, in part, to technical
challenges, consumer requirements and the high-cost
infrastructure dedicated to conventional petroleum fuels
[2]. Forces that could move the personal transportation
energy sector to diversify its energy inputs in the near
future include increasing demand and relatively static
supply for petroleum [3], criteria pollutant regulations [4],
regulations regarding global climate change [5], fuel price
instability [6], and consumer demand for protection against
fuel shortages [7].

Fueling transportation using the electricity from the
electric grid allows the transportation energy sector to
access the lower-cost, cleaner, and higher renewable
fraction energy that is present on the electric grid [1].
Battery electric vehicles store electrical energy from the grid
electrochemically to provide the vehicle with its only source
of energy. The weaknesses of electrochemical energy
storage relative to conventional petroleum-based fuels
includes low specific energy, low energy density and low
refueling/recharging rate [8]. Plug-in hybrid electric vehi-
cles (PHEVs) use both electrochemical energy storage and
a conventional fuel to overcome these weaknesses and to
provide additional benefits to the consumer and society.

PHEVs are a type of hybrid electric vehicle where some
portion of the energy for propulsion of the vehicle comes
from the electric grid. In modern PHEVs, the performance
difference between an electric vehicle mode, charge-
depleting mode and a charge sustaining vehicle mode is
nearly imperceptible in performance to the driver. This
allows a PHEV to use electric energy to displace petroleum
as a transportation fuel, with benefits in terms of increased
transportation energy efficiency, reduced carbon emissions,
reduced criteria emissions, reduced fueling cost, improved
consumer acceptance and improved transportation energy
sector sustainability.

Interest in PHEVs is growing among consumers, policy
makers, the automobile industry and the electric utilities.
Surveys have shown that there exists a considerable
market for PHEVs [9-11]. Policy makers and government
officials have acknowledged the role that PHEVs will play
in bringing on sustainable transportation [11-13]. Both

Renault and Daimler-Chrysler have produced limited pro-
duction PHEVs [14,15]. General Motors and Ford Motor
Company have recently developed and displayed PHEV
concept vehicles [16,17].

PHEYV research and development has historically been
performed by a diverse group of academic, governmental
and industrial researchers. This paper presents a review of
the recent research on PHEVs. The review encompasses
historical and ongoing research into the design and
performance of light-duty PHEVs. The emphasis will be
on developments in the past 10 years, although these
developments will be placed within historical context. The
impacts of PHEVs on petroleum consumption, the electric
grid, criteria and carbon emissions are summarized. The
state of the art of PHEV production and demonstration
vehicles is described, and finally a set of research needs for
PHEVs is proposed.

2. PHEV design
2.1. Basic design considerations

2.1.1. Vehicle architecture

The components and vehicle architecture of PHEVs are
similar to conventional hybrid-electric vehicles, as shown in
Fig. 1. Conventionally, both incorporate an electric
drivetrain and internal combustion drivetrain that are
coupled to each other and to the road. These two
drivetrains can be arranged so that the energy paths to
the road are in parallel, in series or in a combination of the
two. There is a complex tradeoff among these configura-
tions to balance considerations such as efficiency, drive-
ability, cost and manufacturability so that there is no clear
globally optimal configuration at this time. PHEVs can be
constructed using any of these configurations [14,18,19].
The primary architectural difference between PHEVs and
conventional HEVs is the addition of a charger to the
PHEV which allows the PHEV to draw and store energy
from an electric grid.

2.1.2. Energy management

With both a battery charger and a fuel tank, PHEVs
have two sources of energy available on board: stored
electrical energy from the grid and stored chemical energy
in the form of fuel. By utilizing these energy sources
together or separately, PHEVs can be designed and
controlled to drive with better performance, higher energy
efficiency, lower environmental impact and lower cost than
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Fig. 1. Architecture of plug-in hybrid electric and hybrid electric vehicles.

conventional HEVs. This is accomplished through control
of the vehicle’s energy management modes.

Energy management modes dictate both the sources of
tractive energy and also the pathways that they take to
reach the wheels. PHEVs can operate in a number of
energy management modes. Examples of possible energy
management modes that are relevant to PHEVs include:

e Charge-sustaining mode—A mode where the battery
state-of-charge is controlled to remain within a narrow
operating band. This is the mode that conventional
HEVs operate in for most of the time [20]. Because the
battery state-of-charge does not change with time, liquid
fuel is the net source of energy for the vehicle [21,22].

® Charge-depleting mode—A mode where the battery
state-of-charge is controlled so as to decrease during
vehicle operation. In this mode, the engine may be on or
off, but some of the energy for propelling the vehicle is
provided by the electrochemical energy storage system,
causing the state-of-charge to decrease with time [23,24].

e Electric vehicle (EV) mode—A mode where operation of
the fuel converting engine is prohibited. In this mode,
the PHEV drives as an electric vehicle. Because the
electrochemical energy storage system is the only
sources of tractive energy, the state of charge decreases
with time [21,25,26].

o Engine only mode—A mode where operation of the
electric traction system is very limited. In this mode, the
electric traction system does not provide tractive power
to the vehicle [27,28].

Switching between energy management modes can be
automatically controlled as a function of state of charge,
vehicle speed, engine speed, engine torque, environment

temperature, battery temperature, air conditioning need, or
it can be manually selected by the driver [9,25,29].

Generally, PHEVs are classified based on their energy
management modes. Range extender PHEVs operate
primarily in EV mode and switch to a charge sustaining
mode when the vehicle state of charge gets low [25,30].
Blended PHEVs operate in a charge depletion mode and
switch to a charge sustaining mode when the battery state
of charge decreases [31]. Green Zone PHEVs operate in a
charge sustaining mode, but can be user controlled to
operate in EV mode [32]. Green Zone PHEVs could be used
for operation in no-emissions zones such as inside ware-
houses or in downtown areas. HEVX (e.g. HEV10) PHEVs
have the ability to drive a reference driving cycles in electric
vehicle mode for X miles (e.g. 10miles, 16 km), although
the energy management mode is not always rigidly
controlled [9].

2.1.3. Drivetrain function and requirements

The functions of the drivetrain components are dependent
on the vehicle architecture and energy management mode.
Each energy management mode calls a different energy
management control system that controls the function of the
electric and combustion drivetrains within the PHEV. For
instance, when the vehicle is in a charge-sustaining mode,
the vehicle must control the state of charge of the battery by
regenerating energy from the combustion drivetrain, using
the electric drivetrain to generate eclectricity. When the
vehicle is in electric vehicle mode, the combustion drivetrain
will be completely shut off and the electric drivetrain will
perform the functions of accelerating and braking the
vehicle. Component design and synthesis of the PHEV
powertrain is therefore dependent on the specified perfor-
mance required of the vehicle and the energy management
mode. These requirements are particularly important for
PHEVs because they are expected to have similar perfor-
mance in each energy management mode.

In general, the electric drivetrain of the PHEV has very
strenuous design requirements that are equivalent to the
requirements for HEVs plus the requirements for electric
vehicles. Like HEVs, the electric drivetrain of the PHEV
must [24,29,33,34]:

e meet a peak power requirement at low speeds during
vehicle acceleration;

e meet a peak torque requirement during engine starting;

® be matched in speed range (for parallel systems), or
power range (for series systems) to the to the combus-
tion engine;

e accept high rate accelerations and decelerations during
transmission shifts and emergency braking events;

e show fast transient response for engine starting and
regenerative braking;

e allow wide input voltage range from the energy storage
system;

® incorporate compact packaging to allow integration into
a multifunction powertrain.
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Like electric vehicles, the electric drivetrain of PHEVs

must [33-306]:

® meet a peak power requirement at high speeds during
grade climbing or passing maneuvers;

e show low torque ripple to allow for direct to wheel
coupling;

e have very high efficiency;

® be controllable at very low speeds and torques during
vehicle creep;

o meet HVAC/accessory power requirements of the
vehicle during electric vehicle mode.

The internal combustion drivetrain requirements of
PHEVs are also very strenuous relative to conventional
internal combustion vehicles. The addition of electric
vehicle energy management modes places additional
requirements such as [37-39]:

® meet emissions control regulations during idle-less cold-
start and on—off operation;

e advanced exhaust after-treatment for cold-start and
on—off operation;

@ meet noise and vibration constraints during on—off
operation;

e show high efficiency over a wide torque and speed range;

high duty cycle due to engine downsizing;

® meet evaporative emissions standards despite long
engine off periods.

2.1.4. Energy storage system

Usually electrochemical energy storage for PHEVs
consists of batteries, although battery/ultracapacitor [40]
and regenerative fuel cell [41-43] PHEVs have been
proposed. The functions of the batteries are to store
electric energy to propel the vehicle and to meet some
short-term power demands of the vehicle. These short-term
power demands can be positive in the case of regenerative
braking, or they can be negative, in the case of vehicle
accelerations. The batteries of PHEVs must perform these
functions at a variety of states of charge. Depending on the
characteristics of the vehicle the electrical energy stored can
be as large as 19 kWh with power transients of >75kW for
a mid-sized sedan [44], or 30 and > 150kW for a full-size
SUV [29].

As battery replacement is one of the largest potential
components of vehicle lifecycle cost, energy storage system
lifetime must be on par with the lifetime of other vehicle
components. This requirement has been translated into an
energy storage lifetime for PHEVs of more than
161,000-210,000 km, 10 years and approximately 2400
charge/discharge cycles [9,45]. For comparison, the De-
partment of Energy FreedomCar program has a calendar
battery lifetime goal of 15 years by 2010 [46].

Although early PHEVs incorporated lead-acid (Pb-acid),
or nickel-cadmium (NiCd) energy storage systems [24,30],
more recent studies have concentrated on using more
advanced nickel-metal hydride (NiMH) and lithium ion

(Li-ion) battery chemistries. These later studies have
concluded that the lifetime, charge-discharge efficiency,
specific energy, and specific power advantages of the
advanced battery technologies make up for their higher
upfront costs [9,47].

NiMH and Li-ion batteries have been shown to meet the
lifetime requirements of PHEVs when subjected to USABC
standard test cycles [48,49], which simulate the conditions
of use of conventional HEVs. The conditions of use of
PHEV batteries are significantly different from those of
conventional HEVs. Large daily SOC excursions (up to
80% delta SOC), and high power demands, place high
thermal and electrochemical strain on the batteries of
PHEVs, which can lower system lifetime [50-52]. EPRI/
SCE is currently testing NiMH and Li-ion battery packs
using a PHEV-specific test cycle. Preliminary results show
less than 5% capacity and power degradation at more than
1500 large SOC excursion cycles [53,54]. This is well above
the 20% degradation that signifies end-of-life. Additional
testing of batteries in PHEV vehicles will help further refine
the battery lifetime requirements for PHEVs.

Among and within battery chemistries there exists a
tradeoff between battery maximum power and energy
capacity. Batteries for electric vehicles generally are
designed with a specific power to specific energy ratio (P/
E ratio) of 1-3 whereas HEV batteries are designed with P/
E ratios of >10 [20,55,56]. As PHEVs combine the high
energy requirements of electric vehicles and the high power
requirements of HEVs, the batteries for PHEVs are a
compromise between high-power and high-energy bat-
teries. This is the tradeoff illustrated in Fig. 2. This dual
requirement pushes the limits of energy storage technology
in a different direction than current applications, requiring
specialized chemistries, materials and structures to meet the
requirements of PHEVs [31,57].

2.1.5. Grid connection

The charging systems of PHEVs connect the vehicle to
an electrical grid. The benefits of PHEVs derive from being
able to replace energy from the combustion drivetrain with
electric energy from the grid. In order to maximize the
effectiveness of the electric energy from the grid the PHEV
charger must be light-weight, compact, and of high
efficiency. The charger provides an interface between the
electrical grid and the vehicle that can be managed by the
consumer.

Because the fuel consumption, emissions performance
and mode control of PHEVs depend on the state of charge
of the energy storage system, the performance of the PHEV
is maximized if each trip is started with 100% SOC. This
implies that the more often the energy storage system is
charged, the better the performance of the vehicle. Most
PHEYV analyses assume that every vehicle trip starts with a
full battery. In practice this ideal cannot be achieved but
consumers may charge daily, nightly, or more often as
average vehicles are in motion less than 5% of their
calendar life [58]. Modern PHEVs can drive in a charge
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Fig. 2. Battery system power and energy tradeoffs for mid-sized sedan
hybrid electric vehicles [87].

sustaining mode when the vehicle has not been charged, so
that charging a PHEV is not prerequisite to full function
driving of the vehicle, although the fuel cycle energy
consumption may change.

The charging rate of PHEVs is determined by the on-
vehicle charging hardware, the requirements of the energy
storage system and the stationary charging infrastructure.
For instance, different battery chemistries require different
charging algorithms and charging rates. In order to avoid
installation of a high-power charging infrastructure, and to
avoid the infrastructure/demand ‘‘chicken and egg” pro-
blem, PHEVs have been designed to either take advantage
of an existing EV charging infrastructure or the standard
1.8 kW (120VAC, 15A in the US) household electric power
infrastructure. PHEVs have been designed using either
inductive or conductive chargers. Inductive chargers have
the advantages of intrinsic safety and preexisting infra-
structure associated with the MagneCharge chargers.
Conductive chargers have efficiency advantages, are gen-
erally lighter weight and more compact [59], and can allow
for bidirectional power flow [60].

2.1.6. Other considerations

There are a number of other considerations that must go
into the design of PHEVs. The design considerations
highlighted above are ones that have a primary effect on
the performance and impact of the PHEV. Other design
issues that have been investigated in the literature are:

e driveability and consumer acceptability of a vehicle that
responds differently during EV and HEV operation [9];

o the effect of component specification on procurement
and lifecycle costs [9,62];

e specification and design of accessories systems and
HVAC that can function during EV modes of operation
[29,63].

2.2. PHEYV design studies

The general goals of PHEV design studies, up to the
present, have been to determine PHEV performance when
compared to other vehicle designs and to determine what
the ramifications of PHEV-type driving are on the vehicle
components. An example of the first goal might be to
compare the fuel economy of PHEVs to HEVs and
conventional vehicles. An example of the second goal
might be to use the PHEV model to determine what the
energy throughput and battery lifetime might be for
PHEVs. These goals have limited the scope of the models
used to design PHEVs [9,25,28,47,61,62,64—66].

To date, design studies for PHEVs can be characterized
as high-level investigations, using a small design space
without structured component and controls optimization.
Generally, the design studies model the vehicle at the level
of powertrain and energy storage component interactions.
Lower-level considerations such as battery thermal man-
agement, accessory function and transmission control have
not yet been fully considered. The design space for the
studies cited here is characterized as small because often
only a single battery chemistry, engine type or control
strategy is considered. In most of the studies cited here, the
component specification, control system design and opti-
mization of the PHEV are performed manually by the
designer. This intrinsically limits both the performance of
the modeled vehicles and the validity of the comparisons
drawn within the studies. Further improvements to PHEV
design studies are possible with the inclusion of structured
optimization and a wider design space.

The design studies cited here agree to some of the general
design characteristics of PHEVs such as:

e Parallel PHEV designs are favored because series
designs exhibit lower fuel economy, lower efficiency
and higher component costs.

e The vehicle energy efficiency and emissions performance
improve with increasing energy storage capacity and
increasing EV mode or charge depleting mode range.
PHEY designs with very large energy storage capacity are
limited primarily by their cost rather than performance.

e Advanced technology batteries such as NiMH and Li-
ion show the most promise for energy storage mechan-
isms because of performance, lifetime and lifecycle cost.
Pb-acid batteries can match some of the performance
metrics of more advanced batteries, but the large depth
of discharge required for PHEV use limits their lifetime
and increases vehicle lifecycle cost.

e PHEVs should be able to drive functionally and
continuously without external recharging. This charac-
teristic allows PHEVs to be full function vehicles that can
drive long distances without infrastructure requirements.
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e The total output power of a PHEV should be equal to
the output power of a conventional HEV to preserve
performance and driveability under all conditions. This
suggests that as the battery pack power increases, the
engine size can decrease. The engine size is generally
limited by a vehicle maximum speed and maximum
gradeability requirement.

e PHEVs must be designed for present and future
emissions and fuel economy standards. For instance,
stringent emissions regulations (including on-board
diagnostics) might preclude consideration of diesel
internal combustion engines for future vehicles in the
US [67].

3. Vehicle demonstrations

Technology demonstrator vehicles are key components
in the development and assessment of new automotive
technologies. Demonstrator vehicles allow the low-level
problems associated with any new technology to be
discovered and understood. They are also excellent tools
for communication of new technologies to funding sources
and the public. Table 1 provides a listing with references of
all of the PHEV vehicles built to the authors’ knowledge
since 1997. A summary of the performance and character-
istics of a few research and original equipment manufac-
tured PHEVs is presented in the following sections.

3.1. Research vehicles

An early PHEV was designed and demonstrated between
1978 and 1983 by the US Department of Energy Near
Term Hybrid Vehicle Program [30]. The vehicle uses a
parallel configuration with a 34 kW electric motor, a 55 kW
gasoline engine and Pb-acid batteries. The vehicle drives
using a charge depletion scheme that enables a fuel
economy between 140 and 27 mpg, depending on number
of miles traveled. Student competitions sponsored by the
US Department of Energy, the Society of Automotive
Engineers and the US auto companies inspired the
construction and testing of scores of HEVs [21]. A majority
of the HEVs developed for these competitions were PHEVs
because most of the HEV designs were based on the Range
extender HEV design concepts [20].

One of the most technologically advanced and most
complete research PHEVs was built at the University of
California, Davis in the period 1998-1999 [19]. This PHEV
(Coulomb) was a constructed from a Ford prototype
aluminum intensive Mercury Sable for the 1999 FutureCar
Challenge. The Coulomb had both electric vehicle and
charge depletion modes, 49 miles of range in electric vehicle
mode, fully functional electric accessories including
HVAC, and an automatic continuously variable transmis-
sion. A 0.66L Subaru Atkinson cycle engine was fueled by
reformulated gasoline. A custom 75kW electric motor was
powered by 60Ah Ovonics NiMH batteries. In an early

design iteration, the charge-sustaining mode fuel economy
of the Coulomb is 38 mpg on the combined cycle, and with
the addition of its electric vehicle mode range, petroleum
consumption is reduced more than 85% over the conven-
tional Mercury Sable. This vehicle has achieved 58 mpg in
combined cycle tests after optimization. This vehicle was
used to study the effect of engine operation strategies [79]
and transmission energy consumption [80] on PHEV fuel
economy. Studies of emissions controls [38,81] and engine
startup procedures [82] for PHEVs were also accomplished
using this vehicle. In addition, Coulomb appeared at dozens
of PHEV demonstrations in Japan, France, and across the
US, raising awareness of PHEVs. As shown in Table 1, the
University of California, Davis, has constructed numerous
other light-duty and medium-duty PHEV research vehicles.

3.2. Original equipment manufacturer vehicles

Although a number of manufacturers have constructed
proof-of-concept PHEVs, the first production PHEV is the
Renault Kangoo Elect'road, which has been in limited
production since 2003. The Kangoo Elect’road is a series
configuration, Range extender PHEV with a 5.5kW
generator set and a 29 kW electric motor. The vehicle is
intended for light urban and suburban duty and has a
range of 150 km [14].

Daimler-Chrysler has recently developed and is currently
evaluating a medium-duty PHEV van, the Dual-Drive
Sprinter. The Dual-Drive Sprinter is a parallel hybrid with
an 80 kW gasoline engine and a 70 kW electric motor. The
vehicle has an EV range of 30km. NiMH and Li-ion
battery chemistries are planned [54].

A number of small companies such as HyMotion, AC
propulsion, Energy CS and others have also begun to offer
conversions of conventional OEM hybrids to PHEVs.
These vehicles are undergoing real-world testing and
analysis at a number of commercial and government
testing laboratories [58].

4. Sustainability impacts

Based on the results of the body of design studies and
vehicle demonstrations described in the preceding sections,
the impact of PHEV on the environmental sustainability of
the transportation energy sector is beginning to be under-
stood. The sustainability impacts of PHEVs are summar-
ized here based on the results of simulation studies and
PHEV demonstration projects. The sustainability of
PHEVs is assessed using the metrics of petroleum
consumption reduction, criteria emissions reductions,
carbon dioxide emissions reductions and the effect of large
numbers of PHEVs on the electric grid. These first three
metrics correspond to widely accepted sustainability
indicators for environmental preservation in transportation
[83]. Assessments of the impact on the electric grid provide
a means to measure the sustainability of long-term growth
in the PHEV market.
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Table 1
Characteristics of light-duty plug-in hybrid demonstration vehicles
Vehicle Year EV/charge depletion Notes Reference
constructed (CD) mode range (km)
UC Davis Joule 1996 105 (EV) 0.66L IC engine, NiMH battery [27]
Audi Duo 1997 50 (EV) 1.9L IC engine, Pb-acid battery [68]
PSA Dynavolt 1998 100 (EV) 0.2L IC engine, NiCd [68]
Renault Scenic 1998 20 (EV) 1.6L IC engine, NiCd battery [68]
UC Davis Coulomb 1998 97 (EV) 0.66L IC engine, NiIMH battery [19]
GM EVI1 HEV concept 1998 65 (EV) 1.3L Diesel engine, NiMH battery [68]
GM EVI1 HEV concept 1998 65 (EV) Natural gas turbine, NIMH battery [68]
WWU Viking 23 1998 113 (EV) 0.993L IC engine, NiCd battery [69]
Fiat Multipla 1999 80 (EV) 1.6L IC engine, NiMH battery [68]
UC Davis HEV1 1999 97 (EV) 0.57L IC engine, NiMH battery [59]
UC Davis Sequoia 2000 94 (EV) 1.9L IC engine, NiMH battery [29]
Suzuki EV Sport 2000 150 (EV) 0.393L IC engine, NiMH battery [70]
Citroen Xsara Dynactive 2000 20 (EV) 1.4L IC engine, NiMH battery [68]
UC Davis MD CVT Suburban 2001 58 (EV) 2.2L IC engine, Pb-acid battery [59]
UC Davis Yosemite 2002 79 (EV) 1.9L IC engine, NiMH battery [71]
Renault Kangoo Elect’road 2003 60 (EV) 0.5L IC engine, NiCd battery [14]
AC Propulsion PHEV Jetta 2003 64 (EV) 1.4L IC engine, Pb-acid battery [72]
UC Davis Trinity 2004 64 (EV) 1.5L IC engine, PEMFC, Li-ion battery [73]
DaimlerChrysler Sprinter PHEV 2005 32 (EV) 2.3L IC engine, NIMH batteries [15]
CS Energy Prius conversion 2006 71 (CD) 1.5L IC engine, LiFePO, battery [74]
Hymotion Prius conversion 2006 50 (EV) 1.5L IC engine, LiPolymer battery [75]
Hymotion escape conversion 2006 80 (EV) 2.3L IC engine, LiPolymer battery [75]
GM Volt concept 2006 64 (EV) 1.0L ES85 IC engine, Li-ion battery [76]
GM Saturn Vue concept 2006 >16 (EV) 3.6L IC engine, Li-ion battery [77]
Ford PHEV Fuel Cell concept 2006 40 (EV) Fuel cell engine, Li-ion battery [78]

The performance and impacts of PHEVs are always
dependent on the conditions of use of the vehicle. For
example, for a PHEV with 30 km of range in electric vehicle
mode, the first 30 km of driving after charging is entirely
fueled by grid electricity. For a trip of 60km, approxi-
mately half of the energy for propulsion will come from
grid electricity and half from petroleum-based fuel.

For any of the sustainability impact studies cited in this
review, assumptions are made regarding the driving range,
charging frequency, electricity characteristics, electricity
sources, and more in order to predict real-world energy
consumption and to allow comparison to conventional
vehicles. Differences between the assumptions regarding
conditions of use account for a majority of the differences
between studies. These analyses often incorporate data
regarding driving habits from the Nationwide Personal
Transportation Survey (NPTS) or National Household
Transportation Survey (NHTS) [84,85], the SAE J1711
standard [86], or samples of real-world driving behavior.
All of the studies cited here assume that PHEVs are
charged nightly. Most importantly, each study incorpo-
rates assumptions about the sources and characteristics of
the grid electricity used to fuel the PHEV.

4.1. Petroleum consumption
Simulation and testing of PHEVs show that they can

offer dramatic reductions in petroleum consumption. The
reductions in petroleum consumption for PHEVs as

calculated from recent studies and vehicle demonstrations
are shown in Table 2. Each study cited incorporates
different assumptions about the conditions of use of the
PHEV. For example, when a PHEV with 100 km miles of
range in electric vehicle mode is driven according to the
NPTS range schedule and charged nightly, the PHEV will
result in an 84.1% reduction in gasoline consumption,
relative to a conventional car [9]. When charged nightly
using real-world driving data, mid-sized sedan PHEVs with
40 miles of EV range result in a 71% reduction in gasoline
consumption [58]. For comparison, conventional mid-sized
sedan HEVs show a 40-45% reduction in gasoline
consumption [87]. In compact cars and mid-sized SUVs
the reduction in gasoline consumed is similar [65].

In practice, demonstration vehicles show a very similar
reduction in gasoline consumption. A 2000 Chevrolet
suburban, converted to PHEV, was tested at General
Motors in 2001. When charged nightly and driven with an
average driving schedule, the PHEV suburban reduces
gasoline consumption as compared to the baseline Sub-
urban by 84% when driven an average driving schedule on
the EPA city cycle (LA4) and 80% on the EPA highway
cycle (HWFET) [28]. A 2006 Toyota Prius converted to
PHEV has achieved a 51% reduction in gasoline con-
sumption, relative to the HEV Prius, during real-world
testing [74].

These petroleum reduction figures do not account for the
petroleum used to generate electricity as energy from oil
makes up less than 3% of the total US electrical energy [1].
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Table 2

Gasoline consumption reduction for representative simulated and tested PHEVs

Description Gasoline Baseline gasoline  Notes Reference
consumption consumption
reduction (%) (L/100 km)
Mid-sized Sedan simulations
EPRI HEV20 simulation 51.1 8.1 NPTS average driving schedule, charged nightly [9]
EPRI HEV60 simulation 84.1 8.1 NPTS average driving schedule, charged nightly [9]
NREL PHEVS simulation 51.3 10.4 SAE J1711 standard [87]
NREL PHEV30 simulation 64.2 10.4 SAE J1711 standard [87]
NREL PHEV60 simulation 88.4 10.4 SAE J1711 standard [87]
GT PHEVI0 simulation 63.0 8.6 Weighted fuel economy [62]
GT PHEV20 simulation 70.3 8.6 Weighted fuel economy [62]
GT PHEV40 simulation 80.3 8.6 Weighted fuel economy [62]
PHEV40 simulation 71 9.0 Surveyed driving schedule and speed [58]
Mid-sized Sedan test results
PHEYV Taurus Vehicle I 88.4 9.0 Weighted fuel economy [59]
PHEV Taurus Vehicle II 85.6 9.0 Weighted fuel economy [59]
PHEV EnergyCS Prius 51.0 4.9 Driver survey Data, Baseline is HEV Toyota Prius [74]
Sport utility vehicle simulations
EPRI mid-sized HEV20 SUV 60.0 12.1 NPTS average driving schedule, charged nightly [65]
simulation
EPRI mid-sized HEV60 SUV 85.0 12.1 NPTS average driving schedule, charged nightly [65]
simulation
Sport utility vehicle test results
PHEV Suburban vehicle city 84 15.1 LA4 fuel economy, NPTS average driving schedule,  [59]
charged nightly
PHEV Suburban vehicle highway 80 11.5 HWFET fuel economy, NPTS average driving [59]

schedule, charged nightly

Although variation among the results of the studies cited
exists, the large impact of PHEVs on the petroleum
consumption of the transportation energy sector is
universally acknowledged.

4.2. Criteria emissions

For any vehicle the total emissions must include tailpipe
and upstream emissions sources. Upstream emissions
sources should include vehicle evaporative emissions,
refueling emissions, electricity generation emissions and
the emissions associated with fuel extraction, processing,
production, transportation and distribution. Criteria emis-
sions are emissions that are regulated for the automotive
industry and include hydrocarbons, NO,, SO, and
particulates. Emissions of CO, are considered later in this
review.

Because PHEVs carry all of the same engine hardware as
conventional vehicles, evaporative emissions are un-
changed. Refueling emissions are reduced for PHEVs
because of fewer fueling events [9].

The very large reduction in PHEV gasoline consumption
should correspond to a large reduction in tailpipe criteria
pollutant emissions if PHEVs are able to use state-of-the-
art emissions controls. In practice none of the engine
management problems associated with PHEVs preclude
effective emissions control. Certified emissions testing of

the PHEV suburban conversion has shown SULEV
tailpipe emissions levels [59]. The reduced number of cold
engine starts, because of trips completed under electric
vehicle mode, further reduces the emissions of PHEVs in
practice.

The reductions in vehicle tailpipe emissions are offset by
an increase in the upstream emissions due to the production
and distribution of the electricity consumed by the PHEV.
Some simulation studies for PHEVs have shown that the
increase in upstream emissions is of lower magnitude than
the decrease in tailpipe emissions. For instance, when the
electricity is assumed to come from marginal (as opposed to
baseline) powerplant capacity, PHEVs can reduce the full
fuel cycle sum of NO, and non-methane organic gasses by
44% for the HEV 20, charged nightly [9].

Models of regional electricity sources with load dispatch
have been able to break the full fuel cycle emissions into
more detailed classes. In the case of large PHEYV infiltration
into the light-duty vehicle fleet, volatile organic compounds
(VOCs) and CO decrease by greater than 90% because of
the reduction in internal combustion engine operation.
Particulate emissions (PM10) increase slightly, and SO,
emissions increase drastically because of the emissions due
to coal-powered powerplants. Since grid electricity is
generally generated outside of urban areas where criteria
emissions are presently concentrated, all urban emissions
are significantly improved [88,89].
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The emissions benefits of PHEVs are found to be largely
dependent on the means of electricity generation. In
electricity markets with low-emissions generation capacity,
the emissions benefits of PHEVs are very large. In
electricity markets with a coal-based generation capacity,
the emissions benefits of PHEVs for reducing VOCs and
CO are offset by increases in SO, and PMI10. With
increasing market infiltration of PHEVs comes a centrali-
zation of the energy production for transportation. The
allocation of the criteria emissions for transportation
energy to the electrical utilities allows the emissions to be
centrally controlled and regulated. For instance, imple-
mentation of the federal Clean Air Interstate Rules, Clean
Air Mercury Rules, and state Renewable Portfolio
Standards will greatly reduce power plants’ emissions of
SO,, NO, and mercury pollutants by 2020 [88]. With
reductions in the emissions output of the energy grid due
the implementation of low-emissions energy generation
technologies comes improvements in the emissions of
PHEYV enabled transportation.

4.3. Carbon emissions

As above, an accounting for both tailpipe and upstream
emissions sources is required in order to compare the
equivalent carbon emissions of PHEVs to HEVs or
conventional vehicles [90]. For all of the analyses discussed
here, the carbon emissions associated with vehicle produc-

Table 3
Carbon dioxide reduction for representative simulated and tested PHEVs

tion are not assessed. For a light-duty PHEV20 with
NiMH batteries, the energy consumption associated with
manufacture of the battery (2 MWh) is roughly 2.5% of the
vehicle’s 8-year lifetime energy consumption [9,91]. For
conventional vehicles roughly 11% of the lifecycle equiva-
lent CO, emissions are associated with vehicle manufacture
[92]. As with criteria emissions, the equivalent CO,
emissions reduction of a particular PHEV trip is dependent
on the characteristics of the grid electricity, the length of
the trip and the energy management mode of the vehicle
[22].

The CO, emissions reduction results from various
studies are presented in Table 3. The results are divided
into three categories based on the methods used to model
the electrical grid. First are the results that assume that
electricity comes from a single source. For instance, EPRI
estimates that the electricity to power PHEVs will come
from marginal, dispatchable sources such as natural gas.
Under these assumptions, PHEV mid-sized sedans with 20
miles of electric vehicle range are estimated to reduce
equivalent carbon dioxide emissions 44% for an average
driver, charging nightly [9]. Next are studies that model the
electricity generation mix for different geographic regions.
Using this methodology a PHEV33 vehicle results in a 27%
reduction in carbon dioxide emissions, relative to a
conventional vehicle using the 2002 electricity generation
mix [89]. Other studies calculate a 16% CO, emissions
reduction compared to a 2004 Toyota Prius for a PHEV40

Electricity source model and PHEV type CO; reduction (baseline Notes Reference
CO, emissions)

Single electricity source

Compact car PHEV 40% (200 g/km) 32km of EV range, surveyed driving habits, [65]
COMBINED cycle natural gas generation

Compact car PHEV 53% (200 g/km) 97km of EV range, surveyed driving habits, [65]
combined cycle natural gas generation

Mid-sized PHEV 44% (257 g/km) 32km of EV range, surveyed driving habits, 9]
combined cycle natural gas generation

Mid-sized PHEV 57% (257 g/km) 97km of EV range, surveyed driving habits, 9]
combined cycle natural gas generation

Mid-sized SUV PHEV 46% (338 g/km) 32km of EV range, surveyed driving habits, [65]
combined cycle natural gas generation

Mid-sized SUV PHEV 60% (338 g/km) 97km of EV range, surveyed driving habits, [65]
combined cycle natural gas generation

Full-sized SUV PHEV GM 67% (514 g/km) 100 km of EV range, NPTS driving habits, [59]

Suburban conversion

Geographically varied electricity sources
PHEYV fleet with makeup of US vehicle
fleet

Mid-sized PHEV

27% (N/A)

49% (235 g/mi)

Geographically varied, dispatched, future electricity sources
Mid-sized PHEV 50% (235 g/mi)

Mid-sized PHEV 58% (257 g/km)

US average 2010 generation

53km of EV range, surveyed driving habits, 2002 [89]
regional electricity generation models

64km of EV range, PHEV fueled for % of travel by [88]
gasoline, 2005 national generation mix

64km of EV range, PHEV fueled for 1 of miles by [88]
gasoline, 2020 national generation mix

32km of EV range, surveyed driving habits, 2010 [93]
regional electricity generation/dispatch model
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[88]. Finally, scenario-based simulations of grid growth,
electricity dispatch and geographic generation distribution
can be performed to model how sources of PHEV
electricity would be generated. Using this most detailed
methodology, the CO, emissions reduction is calculated to
be >50% for a national average vehicle. Locally, the CO,
emissions reduction could vary between 69% (western
states) and 37% (mid America), compared to conventional
vehicles [88,93].

Although there exists some variation among the studies
cited here, those studies that power PHEVs using future
grid electricity find that PHEVs can achieve a significant
reduction in the CO, emissions of transportation.

4.4. Electric grid

The source of electrical energy to charge a PHEV can be
nearly any regulated source of electrical energy. The
nationwide electrical grid, distributed generation micro-
grids, and dedicated charging sources have all been
considered in PHEV studies and demonstrations. Powering
PHEVs from microgrids that use sustainable sources of
electricity is technologically and economically feasible and
has self-evident benefits in terms of all of the above
sustainability metrics. In the nearest term, the probable
electricity source for large-scale infiltration of PHEVs will
be the national electrical grid. For this reason, the impact
of large scale introductions of PHEVs on the electric grid
must be considered.

There is a great deal of uncertainty associated with
modeling of the effect of PHEVs on the grid. Some studies
of the effect of PHEVs on the grid assume that the timing of
the consumers’ charging demands is optimal from the
standpoint of the grid operator [89,94-96]. Other studies
assume that the consumer will plug in nightly or twice each
day to take advantage of the lower per mile cost of electricity
[9]. All of these studies agree that even very large numbers of
PHEVs (up to 84% of all US cars, trucks and SUVs, 198
million vehicles [89]) could be serviced using the present
generation and transmission capacity of the US electrical
grid. Instead of adding to the peak generation, PHEVs
plugged in during off-peak hours will help to flatten the
daily electrical load cycle. This can have the effect of
improving grid efficiency and lowering electricity costs [97].

When PHEVs can be combined with schemes for vehicle
to grid charging, the benefits to the grid are even greater.
Vehicle to grid enabled PHEVs can improve regulation of
the electric grid and provide value to the consumer and the
electric utility [98]. Recent studies have shown that vehicle
to grid charging can provide reserve capacity to allow more
development of renewable energy capacity, reducing the
amount of electricity generated from coal [95].

5. Research needs for PHEVs

Research has so far focused on the feasibility assessment,
design and demonstration of PHEVs. With the recent

expansion of the PHEV research community, the oppor-
tunity has come to advance the design, control and analysis
of PHEVs toward optimization and production goals.

Fundamental improvements in the lifetime, cost, thermal
performance and specific energy of Li-ion battery technol-
ogy will perhaps have the greatest impact on the
performance of PHEVs [99-100]. Battery lifetime and cost
are cited as major hurdles that PHEVs must overcome to
achieve purchase cost parity with conventional vehicles.

The accelerating pace of PHEV development necessitates
improvements in the models used for design of PHEVs. To
date, the models that have been used for PHEV design are
either custom vehicle modeling programs [101], or else are
commercially available programs such as ADVISOR [102],
or PSAT [103]. All of these programs are designed for fuel
economy prediction and not necessarily for vehicle design
and development. For instance, battery lifetime can be
adversely affected by the high power transients that can
occur during engine startup and transmissions shift shocks.
The PHEV models cited here do not have the fidelity to
model these high-speed dynamics of the engine and motor
interaction and cannot assess the effect of these transients
on the battery lifetime.

Optimization of PHEV control strategies and design
criteria for consumer acceptability, reduced costs and
automotive production requirements will allow for im-
proved real-world performance of PHEVs. Advancements
could come with adaptive energy management strategies,
in-depth consideration of vehicle accessory performance,
and powertrain controls development for improved battery
life.

The emphasis on real-world tests and demonstrations of
PHEVs should continue. The performance of PHEVs is
necessarily dependent on the uses to which they are put. To
determine the real-world performance of PHEVs they must
be tested in commercial vehicle fleets and with private
consumers. As the OEM and research PHEYV fleets expand,
consumer-derived data regarding consumer preferences,
fueling cost, component lifetime and more will become
available.

Finally, the analyses of the effect that PHEVs have on
the grid must be improved. Many of the current studies use
historical data from ANL GREET [104] or other fuel cycle
analyses to characterize the electricity used to power
PHEVs. This approach does not capture the effect of the
changing composition of the grid on the emissions output
and energy consumption of PHEVs. A geographic, forward
looking and scenario-based model of grid expansion,
dispatch and economics is called for to model the impact
of emissions reduction regulation, renewable portfolio
requirements and changing fueling costs on PHEV
performance. These types of simulations can provide
guidance to automakers, regulators and policy makers
regarding the future costs and benefits of electrical
transportation. This change in focus away from modeling
of the PHEV toward modeling of the electrical grid will
reduce the uncertainty in PHEV performance predictions
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and will provide vehicle designers with the information
required for optimization of vehicle design.

6. Conclusions

PHEVs were developed by researchers, automakers,
utilities and government as a utilitarian answer to the
deficiencies of conventional and electric vehicles. The
resurgent interest in reducing the energy consumption
and improving the sustainability of the personal transpor-
tation sector has provided the motivation for advancing the
PHEV state of the art. Recent advancements in automotive
electric drive systems and battery technologies have made
PHEVs technically and commercially possible. This has
resulted in a number of demonstration research vehicles
and limited production of PHEVs from OEM automobile
manufacturers.

A number of recent studies and research vehicle
demonstrations have defined the basic design considera-
tions for PHEVs. Optimized energy management strategies
are key to the improved performance of PHEVs and
characterization of the PHEV requires a detailed under-
standing of the energy management modes in which a
particular vehicle operates. The component performance
and system design requirements of PHEVs are demanding
because they exhibit many of the same driving modes as
both electric and hybrid-electric vehicles. Technological
advancements in the energy density, power density and
lifetime of electrochemical energy storage batteries have
improved the performance and lifecycle cost prospects of
PHEVs.

With paper studies regarding the design and optimiza-
tion of PHEVs have come a number of vehicle demonstra-
tions from both academic researchers and commercial
manufacturers. Practical research findings regarding the
real-world performance, driveability, consumer acceptabil-
ity and low-level control of PHEVs have been accom-
plished using these demonstration vehicles. A few original
equipment manufacturers have designed and built PHEVs
for limited production.

The body of research on PHEVs shows that PHEVs have
significant benefits for the pollution output, energy
efficiency and sustainability of the transportation energy
sector. All cited studies have shown that PHEVs decrease
petroleum consumption relative to conventionally fueled
vehicles and hybrid vehicles. PHEVs also reduce criteria
emissions under nearly all circumstances by reducing the
startups and hours of operation of internal combustion
engines. Carbon emissions are significantly reduced for all
of the studies cited. A number of studies have shown that
the electrical power requirements of PHEVs can be met by
the grid for even a very large infiltration of PHEVs.

Ongoing research for PHEVs is addressing their move
toward series production. Optimization of real-world
performance, cost, component lifetime and consumer
acceptability is the newer front of PHEV research.

PHEVs are a promising technology for improving the
sustainability of the transportation energy sector. PHEVs
achieve this effect by displacing petroleum energy with
electrical energy. With PHEVs, the lower emissions, higher
efficiency, more sustainable energy from the electrical grid
can be used for transportation. As the sources of energy for
PHEVs are largely centralized at the electric grid,
improvements to the environmental performance, cost or
sustainability of the transportation fleet can come from
improvements to the grid. Using PHEVs, citizens, munici-
palities, states or nations can largely determine the
emissions output and sustainability of their personal
transportation by choosing the sources of their electricity.
Given the rising pace of global climate change, petroleum
supply pressures, and increasing worldwide vehicle owner-
ship, PHEVs are a means to lower the impact of the
transportation energy sector and preserve personal trans-
portation for the future.
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