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The Evolution of Plug-In Electric
Vehicle-Grid Interactions

David P. Tuttle and Ross Baldick

Abstract—Over the past decade key technologies have pro-
gressed so that mass-market viable plug-in electric vehicles
(PEVs) are now set to reach the first of many major vehicle
markets by 2011. PEV-grid interactions comprise a mix of in-
dustries that have not interacted closely in the past. A number
of these commercial participants have utilized the same basic
business model for nearly a century. The various participants
include vehicle manufacturers, utilities, and supplier firms who
have radically different business models, regulatory and legal
environments, geographical scope, and technical capabilities. This
paper will provide a survey of PEV technology trends and other
factors. From an analysis of these factors this paper synthesizes
and provides a likely scenario for PEV-grid interaction over the
next decade.

Index Terms—Battery electric vehicle (BEV), extended range
electric vehicle (eREV), plug-in electric vehicle (PEV), plug-in
hybrid vehicle (PHEV), vehicle to grid (V2G).

I. INTRODUCTION

HERE ARE various motivations for developing alterna-

tive energy sources and associated vehicle powertrains
to reduce a widespread dependence on oil. The motivations
include energy security and its related costs [1], environmental
concerns (including climate change and oil spills), air quality
[2]-[4], and the costs associated with importing and con-
suming oil for transportation [5]. A variety of PEV models are
emerging, and it is useful to define these, while assessing their
strengths and weaknesses. Grid-enabled or plug-in electric
vehicles (PEVs) can be broadly categorized into battery electric
vehicles (BEVs), extended-range electric vehicles (eREVs),
and plug-in hybrid electric vehicles (PHEVs).

BEVs incorporate a large on-board battery, charged while
parked via a cord to the power grid. This battery then wholly
provides the energy for the electric traction motor to propel the
vehicle. eREVs are BEV-derived vehicles with an on-board
internal combustion engine (ICE) generator that provides
electrical energy to the motor once the initial battery charge is
exhausted. This configuration solves the classic “range anxiety”
problem of a BEV [6] by providing an overall range on par with
a traditional gas or diesel vehicle. Once its initial charge from
the grid is depleted, or if the vehicle is never plugged into the
grid, the eREV should operate like a conventional hybrid elec-
tric vehicles (HEV). PHEVs effectively are HEVs with larger
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batteries and a charging cord to access grid power. PHEVs
typically operate in a “blended” mode, using the gas engine
and electric motor together, to substantially reduce gasoline
consumption while operating in battery charge depletion (CD)
mode [7], [8].

Range-extended (eREV and PHEV) architectures leverage
the energy density of petroleum to solve the problem of range
anxiety at the cost of incorporating a hybrid electric-gasoline
powertrain. Along with the energy density advantage of pe-
troleum, a pervasive refueling infrastructure is leveraged when
longer trips are taken. Range-extension capabilities enable the
eREVs and PHEVs to serve as a household’s primary or sole
vehicle. This petroleum-based backup allows downsizing of the
most expensive PEV component, the battery (as compared to a
BEV) while providing a range on par with those of conventional
and hybrid-electric vehicles.

Given range anxiety, advances in lithium batteries, and other
consumer considerations the mass-market BEVs will likely
have 100 mile nominal range targets. An advantage for BEVs
is powertrain simplicity and expected very low maintenance
costs. As with conventional vehicle mileage estimates, “your
actual (electric vehicle) mileage will vary” (typically, but not
always in a negative fashion). Real world electric range will
vary significantly with driving habits, terrain, and weather con-
ditions given relatively heavy electrical loads such as passenger
cabin heating and air conditioning [9].

Electric grid participants consist of generators, transmission
and distribution firms, retailers, and, in the near future, aggre-
gators, which are defined here to be are type of retailer that
communicates to and controls a sufficiently large number of de-
mand-side resources such as PEVs to effectively create a single
controllable resource for the grid operator. All participants are
typically motivated by increased vehicle-specific energy sales.
Most of these participants also prefer avoiding the aggravation
of critical peak demand. If PEVs are charged off-peak, the ex-
isting U.S. energy grid can potentially support conversion of
84% of the light duty vehicles in U.S. to PEVs without signifi-
cantly added investment [10]. However, if electric vehicle sales
increase substantially over time, multiple homes served by a
single grid distribution transformer that must solely support the
charging of a cluster of new PEVs may force distribution firms
to divert a portion of their incremental energy revenues to se-
lectively upgrade these transformers.

To encourage PEV adoption to create this demand, grid par-
ticipants will be focused on safe, convenient, and cost-effective
access to charging stations. In order to avoid aggravating peak
demand, grid participants will likely encourage grid friendly
charge windows through simple peak/off-peak pricing programs
combined with manual driver inputs to the PEV on-board com-
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puter, the offer of subsidized installation of home electric ve-
hicle supply equipment (EVSE, commonly called a charging
station) in return for demand response control, or rudimentary
signaling of COs and prices to the PEV over various communi-
cation pathways.

II. METHOD AND RATIONALE

A wide variety of sources from research universities, national
labs, standards-setting bodies, and the automotive and utility in-
dustries are drawn on to assess the likely progression of tech-
nologies, critical priorities and constraints, and business/regula-
tory environment to identify and articulate a likely scenario of
PEV-grid interactions over the course of the next decade. Since
the scope of key participants is so broad, subjected to substan-
tially different operating paradigms for many decades, and the
technology so new this scenario provides a useful framework
for focusing resources to the most potentially relevant areas of
research as well placing “a stake in ground” to foster further de-
bate on the likely progression.

III. RESULTS AND DISCUSSION

A. First Generation

First-generation PEVs are available today. The first-gen-
eration PEVs will establish “green” technology leadership
and build brand equity for their manufacturers, help the ve-
hicle manufacturer meet increasingly strict government fuel
economy standards across most regions, drive R&D/manufac-
turing/supplier base learning, and provide test beds to better
understand the durability of batteries and other key compo-
nents. Volumes are expected to be modest, but meaningful.
These PEVs will likely sell at low or negative profit levels
depending upon sales volumes, financial accounting for the
basic technology R&D amortization, sales price, tax incen-
tives, and battery warranty costs. The first generation of PEV
manufacturing will mainly demonstrate market leadership,
while maintaining the extremely high levels of reliability,
safety, and convenience that conventional vehicles provide
today. Meeting these expectations could be a challenge given
PEV technology is new and unproven in large scale customer
deployments, which tend to surface problems not easily found
despite manufacturers’ rigorous validation tests.

An accurate cost-benefit analysis is beyond the scope of this
paper and involves considerable effort to determine the purchase
price increment between a PEV and a conventional equivalent
and then also estimate operating, maintenance, and deprecia-
tion costs differences over the life of the vehicle. To provide the
most valuable insights to the reader, it is valuable to calculate
the net present value using varied gasoline prices and battery
replacement costs given the difficulty in projecting these prices
over the long term [11]. Depending upon usage patterns, gaso-
line and electricity prices, and battery replacement, the financial
payback can be positive to buyers even in low fuel-cost regions
such as the U.S. given substantial tax incentives presently of-
fered [11].

The global vehicle manufacturers likely perceive enough
safety and durability risks with these first-generation vehicles
that they will avoid including two-way powerflow capability

Fig. 1. Existing SAE J1772 ac level-1/ac level-2 coupler [13].

for the near term. The vast majority of PEVs will likely include
only grid-to-vehicle (G2V) power flow and the driver will
have on-board vehicle programmability to manually set the
charge window. Modest integrated communication capabilities
will be included, which will enable diagnostics and status
from the vehicle, such as charge control to set “grid-friendly”
charging windows, and control of passenger cabin preheating
or precooling.

Unlike the inconvenience and costs associated with the
prior generation of two incompatible inductive and conductive
chargers, the vehicle manufactures appear to have agreed
upon the SAE J1772 conductive charge coupler (Fig. 1) as
the standard for upcoming U.S. market vehicles [12]. SAE
J1772 presently has two basic charging voltages: single phase
ac level-1 (120 V) and ac level-2 (240 V) up to a peak power
transfer rate of 19.2 kW. This common standard fosters lower
charging infrastructure costs, as well as improved availability
and convenience of public and home charging stations.

Range extended eREVs and PHEVs typically have smaller
(but still considerable) batteries that can charge overnight
through a standard ac level-1 120 V wall outlet. BEVs will
likely need a more expensive ac level-2 240 V high-speed
charger that may have an installed cost between $1000 and
$3000. Regional efforts to create a large supply of qualified
electrical contractors, a streamlined permitting and inspection
process, or level-2 charger rebates contingent upon off-peak
charging will be useful in substantially driving down the cost
of these permanently installed high-speed level-2 chargers in
residences. While a meaningful additional up-front cost, these
level-2 chargers can be used with vehicles from all manufac-
turers and will effectively upgrade a home to have its own
permanently installed “personal refueling station.”

B. Second Generation

Second-generation PEVs will be developed with far greater
amounts of field and lab experience enabling improvements par-
ticularly in cost. Enhancements in battery control and efficiency
will improve range or maintain range at decreased costs. Hence,
second-generation PEVs are likely to have a more attractive fi-
nancial payback and be somewhat less dependent upon tax in-
centives. As PEV powertrain components gain scale production
economies and become less expensive (or if oil supplies are
disrupted or prices increase substantially) relative total cost of
ownership improvements will drive further waves of adoption.

Grid to vehicle (G2V) SAE J1772 AC level-1 (120 V) and ac
level-2 (240 V) charging capability will remain but likely be im-
proved with more substantial communication capability such as
power line communications (PLC) between the electric vehicle
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supply equipment (EVSE) and PEV, ZigBee™ wireless com-
munications between the smartmeter and EVSE/PEV, vehicle
integrated wireless capability typically over digital cell phone
networks, or 802.11 WiFi™ wireless communications between
the PEV and a home area network (HAN). These enhanced com-
munications will enable more sophisticated grid-PEV interac-
tions and more intelligent charging with COs/energy-price sig-
naling or perhaps limited regulation-up/regulation-down grid
ancillary services, which may generate revenue for the PEV
owner. Importantly, additional communications and control ca-
pabilities will likely enable more sophisticated charging control
which can increase the effective yield and lower costs of incor-
porating wind, solar, or other intermittent renewable generation
sources. The availability of these more sophisticated communi-
cations and control are one of the defining characteristics of the
second generation. These extra capabilities create the potential
for PEVs provide the most flexible, large scale, and effective
demand response capability ever developed for the grid. It is
likely to take more than 3 to 4 years to have PEV-based grid-ad-
vised charging or demand response to be deployed in significant
amounts. At the very least, it will take this amount of time to
begin to have meaningful numbers of PEVs on the road.

Additional standards efforts (such as SAE International
J2847) are underway to enable more sophisticated commu-
nications between the PEV, the home area network, and the
meters/utility. Also, ac level-2 charging speed may be im-
proved further by increasing the current capability to 30 A
or the maximum 80 A limit (instead of 240 V/15 A) where
supported by the premise electrical infrastructure. For example,
an increase of maximum level-2 charge rate from 3.3 kW to 6.6
kW would reduce the time required for a full 10 kWh eREV
charge to about 2 hours.

By the second-generation timeframe, the relative advantages
of the various PEV architectures will become increasingly
clear to customers, the technology will have advanced fur-
ther, and costs/performance will likely have been improved.
Vehicle manufacturers may have enough knowledge about
technologies and PEV consumer behaviors and preferences
to offer an increased diversity of vehicle platforms using the
same basic electric powertrain components or derivatives. For
example, given the strong torque capabilities of electric motors,
differentiated performance PEVs will likely be announced.
Performance cars traditionally have a higher sales price and
provide larger profit margins for vehicle manufacturers. These
greater margins can more profitably recover the additional
costs of the electric powertrain and batteries by providing the
customer with “guilt-free performance.” Increased number of
PEV types and performance, lower costs, more familiarity with
PEVs may then increase PEV adoption rates.

C. Third Generation

Third-generation PEVs may be substantially defined as vehi-
cles with two-way powerflow capabilities. This two-way pow-
erflow capability may be combined with the introduction of
an industry standard dc ultra-fast high-capacity interface to the
vehicle (beyond the ac level-2 interface defined today) sup-
porting a higher maximum powerflow of approximately 50 kW
to 100 kW.
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The first reverse powerflow configuration may be vehicle to
load (V2L) [14]. V2L capability will enable the PEV to act as
a construction-site generator to an isolated load. An example
of this configuration would be a PEV pickup-truck which
would include an on-board charger, converter, and pickup-bed
mounted power outlets.

The PEV could act as a home backup generator in a ve-
hicle-to-home (V2H) configuration. Multiple PEVs acting in
concert with a local coordinator could support a larger isolated
building/mobile command center/Military mobile hospital in a
vehicle-to-premise (V2P) configuration. In V2P, there is no co-
ordination with the grid system operator, but instead there is
local communication and control of the PEVs as an indepen-
dent cluster of generation resources not tied to a larger electricity
grid.

Given there is little or no coordination needed with the grid,
it is possible that some vehicle manufacturers may introduce
V2L, V2H, or V2P capability more quickly than fourth-gener-
ation PEVs with two-way powerflow and sophisticated coordi-
nation with the grid. This timeframe could be after 5 years as
major vehicle and battery manufacturers have gained consider-
able field experience with battery durability, battery costs have
declined substantially, after PHEV pickup trucks are introduced
in addition to the common small four-door sedan PEV, or pro-
jected profitability for this niche vehicle feature becomes finan-
cially attractive.

Basic vehicle-to-grid (V2G-net-metered or V2G-NM) inter-
actions could leverage the PEV as a distributed storage node
to capture locally generated energy from photovoltaic panels or
store low-cost off-peak energy for later release back to the grid
at higher peak rates through “net-metering.” Net-metering ca-
pability enables a home’s electric meter to effectively run back-
ward to credit the customer’s account when their local gener-
ation (such as rooftop solar panels) produce more energy than
their home demands. The excess energy is fed back into the grid.
Unlike residential photovoltaic panels which may provide ex-
cess power back to the grid simply based upon total sunlight
available and the local load, the increased communication and
control of PEV can provide greater coordination and optimiza-
tion of reverse power flow to the grid.

Additional configurations of two-way power flow to the
grid with both G2V combined with vehicle-to-home/ve-
hicle-to-premise/vehicle-to-grid capability will likely require
an off-vehicle EVSE/power outlet/transfer switch designed to
meet the required premise building electricity codes (such as
“islanding” when the grid power is off) and perhaps an industry
standard high-capacity interface if large amounts of energy
flow are required.

To recover their incremental R&D, manufacturing, and war-
ranty costs the vehicle manufacturers will likely charge an addi-
tional premium for a two-way powerflow capable interface and
an off-board charger/power outlet/transfer switch box.

D. Fourth Generation

With assured two-way communication and control, addi-
tional software, and grid aggregators fourth-generation PEVs
may be enabled to generate increased revenue (or reduced
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energy costs) for the owner through the use of their onboard
battery and gasoline generator.

Fourth-generation PEVs have a greater ability to be used as
a source for grid ancillary services or peak power sales back
to the grid [15], [16]. PEVs may act as a distributed storage
node with their large battery storing less-expensive off-peak en-
ergy from the grid or locally generated renewable energy from
rooftop solar panels, providing power for the premise, or re-
leasing excess energy back to the grid during higher priced peak
demand. Estimates for the revenue potential for the PEV owner
from ancillary services vary. A large portion of the variation in
estimates appears to be from varied market price assumptions
for ancillary services in the different regions, and differences in
assumptions on the costs of aggregation and vehicle availability
to the aggregators. V2G capability and aggregators would be re-
quired to support ancillary services such as regulation up, reg-
ulation down, and spinning reserves for the grid independent
system operator [17], [18]. The limitations to using the PEV
for advanced V2G will likely be related to the challenge of im-
plementing assured and secure communications particularly be-
tween the aggregator and the large number of PEVs, the amount
of the potential income, the additional wear on the PEV battery,
and the degree of inconvenience to the driver. Given these chal-
lenges, meaningful adoption of reverse powerflow V2G is likely
to take more than 8 to 10 years (approximately two vehicle gen-
erations).

The use of PEV range extending engines to generate energy
(and create compensating revenues for the PEV owner) which is
then fed back to the grid to reduce grid peak demand has ques-
tionable likelihood of achieving mass adoption given the com-
plexities of control, and unattractive economics and emissions
compared to traditional very large scale grid generation.

Another concept is to use coordinated PEVs as a grid feeder
backup. The need for assured communication and the com-
plexity of coordination make the use of PEVs for feeder backup
extremely challenging. Orchestration of this concept would re-
quire coordinated isolation of the feeder through grid protection
and isolation devices such as relays, breakers, and fuses. The
concept would likely require a large number of sophisticated
coordination activities related to frequency, voltage, reactive
power, cold start, feeder configurations, and shutdown.

Significant investment and interest in advanced V2G PEV-
grid interactions will likely require policy action or regional spe-
cific circumstances which create sufficient financial incentives.

Using PEVs as synergistic grid storage will be more com-
pelling to utilities when new sources of fast ramp/zero-CO» gen-
eration, spinning reserves, or regulation ancillary services are
needed to enable greater deployment of intermittent renewable
generation. This increased thrust for greater renewable genera-
tion and hence sophisticated PEV storage control may be most
strongly accelerated by increasing renewable portfolio credits,
renewable fuel credits, production tax credits, carbon taxes, or
other policy actions.

Total PEV fleet size is likely to not be a meaningful fraction
of the total number of vehicles (approximately 240 million) on
U.S. highways for a number of years. To assess the likely time-
frame when a total of 1 million PEVs would be on U.S. high-
ways, KEMA [17] assumed that the PEV adoption curve for the

next ten years would be similar to the Prius adoption rate of the
past ten years. Assuming the “target” adoption rate stated in the
KEMA study with 1 M PEVs on U.S. highways by 2017 and
nearly 2 M by the end of 2020, PEV sales should be approxi-
mately 2% of new vehicle sales by 2020, nearly equivalent to
the 2.5% hybrid new vehicle market share today in the U.S. As-
suming 13 million vehicles sold per year, an estimated 300 000
PEVs would be sold yearly in 2020. A further projected break-
down of these 2 M PEVs into BEVs, eREVs, and PHEVs is
highly speculative given that the eventual mix may likely be
dependent upon many factors. Those factors include the popu-
larity of a particularly styled PEV, brand preference and reputa-
tion, one brand and/or type of PEV having better or worse bat-
tery durability experiences, technical breakthroughs, oil prices,
and battery cost and gasoline range extender cost declines over
the course of 9 years. Therefore, any analysis whose outcomes
depend upon the specific mix of types of PEVs would benefit
from including sensitivity analysis showing the effect of dif-
ferent mixes.

IV. CONCLUSION

The first generation of mass-market viable PEVs are now
available but still in their infancy. PEV-grid capabilities will
be defined not only by the rate of technology development but
will likely also be guided, accelerated, or limited by the re-
gionally unique financial incentives, regulatory structure and re-
quirements, and values of each participant. It is possible that in-
cremental or breakthrough technology progress may accelerate
the progression, but other factors such as communications stan-
dards, long vehicle development cycles, and the required grid-
side communications and control infrastructure may be con-
straining factors which may keep the progression of PEV-grid
interactions in the same approximate order.

Vehicle OEMs are fundamentally driven to create PEVs with
compelling design, image, and features that will create prof-
itable vehicle sales. Safety and durability are, of course, also
critical and fundamental objectives. The additional software
cost to enable “grid friendly” charge window programming is
negligible and hence expected to be incorporated into all PEVs.
More advanced grid-advised or renewable generation coinci-
dent charging can be enabled by relatively simple broadcast
of emission or price related information to PEVs. Algorithms
programmed into the PEV on-board computer can then deduce
the optimal charging profile. With more advanced communica-
tions and grid aggregators, the sale of ancillary services such as
regulation up/regulation down could produce revenue for the
PEV owner by regulating G2V charging of the vehicle.

Enabling basic two-way power flow for V2L, V2H, or V2P
adds extra hardware costs, adds risk of stress and failure to PEV
components and battery, and increases product liability expo-
sure. An extra cost V2L contractor site generator or V2H/V2P
backup generator option that avoids the need for sophisticated
external communication and coordination could be profitable
for vehicle manufacturers. PEVs enabling V2L, V2H, V2P, or
basic V2G-net-metering capability can likely be profitably of-
fered as an extra cost option once sufficient field experience has
been gained to understand and address key technology failure
mechanisms. Given there are few dependencies upon advanced
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TABLE 1
PROGRESSION OF PEV-GRID INTERACTIONS

PEY Generation Power Flow

Communications Characteristics

PEVY-Grid Interaction
Characteristics

First Generation Grid-to-Vehicle (G2V)

Over cell phone network {if any)

G2V with manual driver
programmed “grid friendly™ charge
window

Second Generation Grid-lo-Vehicle {G2V)

Real-time broadeast of CO; and price
information to PEVs

Grid-to-PEV communications via
aggregator

G2V with advanced intelligent
charging aligned with rencwable
generalion

G2V with limited regulation up and
regulation down ancillary services

Third Generation Grid-to-Vehicle (G2V) plus Vehicle-

to-Load (V2L

Grid-to-Vehicle (G2 V) plus Vehicle-
to-Home (V2H}

Grid-to-Wehicle (G2V) plus Vehicle
to-Premise (V2ZP)

EVSE-PEY communication only (no
external communications)

EVSE-PEV communication only (no
external communications)

V2L for construction site generator

V2H for home backup generator
{isolated through premise transfer

switch)
EVSE(s)-PEV(s) communication
only (no external communications) V2P as building backup generator
(isolated through transter switch and

coordinated by a local aggregator)

Grid-to-Vehicle (G2V) plus Vehicle-
to-Grrid-Net Metered (V2G-NM)

EVSE-PEY communication only (no
extermnal communications)

V2G-Net-Metered: Local generation
(such as rooflop photovoltaics) with
reverse power tlow of excess energy
and net-metering,

Fourth Generation Grid-to-Vehicle (G2V) plus
Advanced Vehicle-to-Grid (V2(3-

Advanced)

Assured secure lwo-way Grid-PEY
communication

V2G-Advanced: Grid Ancillary
Services provided by two-way power
flow of PEV baltery energy and/or
local generation (such as rooftop
photovoltaics)

external communications and control or industry standards de-
velopment, this option holds promise of commercialization as
soon as vehicle manufactures can profitably engineer a suffi-
ciently robust hardware and software solution.

V2G with limited communication could be useful and finan-
cially attractive in regions with substantial time-of-use price dif-
ferentials or premise solar or wind generation which is net-me-
tered back to the grid. Over the next ten years, introduction of
the most advanced V2G capability which supports the sale of
the most rich set of ancillary services is expected to be lim-
ited by the availability of assured PEV-grid communications
and two-way power flow capability and control on the PEV.
The varied communication and control pathways, reliability re-
quirements, other performance parameters, and financial pay-
back are complex and all areas worthy of further research. Ve-
hicle manufacturers may also be hesitant to offer this capability
for a number of years until the wear mechanisms and risks are
well known and they understand how to profitably offer this fea-
ture.

Grid participants are typically motivated by increased ve-
hicle-specific energy sales while also avoiding the aggravation
of critical peak demand. To encourage PEV adoption to create
this demand, grid participants will be focused on safe, conve-
nient, and cost effective access to charging stations. Also, in
order to avoid aggravating peak demand, grid participants may
offer lower cost off-peak tariff programs or subsidizing EVSE
installations in return for demand response control. Installation
of intelligent EVSEs with demand response may then provide

the capability to beneficially align PEV charging with intermit-
tent renewable generation output.

Regionally specific circumstances may create compellingly
high prices for ancillary services or other special PEV-grid in-
teractions. Otherwise, the most advanced V2G PEV-grid inter-
actions may require policy actions to foster the needed invest-
ments by the relevant participants. An increased policy thrust for
deployment of greater amounts of intermittent renewable gen-
eration on the grid may provide the needed financial incentives
to create the communication and control systems to use PEVs as
synergistic grid storage, fast ramping reserves, or for regulation
ancillary services.

This paper is an attempt to articulate the most important
factors which affect PEV adoption, characteristics, capabilities,
and interactions with the grid over the next decade. While
there will be differences in the types of PEVs, the evolution
of their interactions with the grid is likely to be fairly similar
given the required development and investment in grid-side
communications and control functions to enable each succes-
sive generation of PEVs, and because of the common battery
durability knowledge that will be gained from an increasing
number of PEVs on the road, and a greater number of years of
expertise accumulated. A likely, or at least possible, progres-
sion of PEV-grid interactions is synthesized and summarized
in Table I. While the timeframes for the introduction of each
generation are likely to be different for various regions, a com-
bination of limiting and interdependent factors may prove the
progression to be a durable framework across multiple regions.



In particular, various G2V configurations will be developed
well before the advent of V2G and this paper articulates a
progression of beneficial PEV-grid interactions.
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