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A B S T R A C T

Electricity and transportation systems in industrialized countries are undergoing transformations that, if co-
ordinated, could improve the resilience and environmental performance of energy systems. The electrification of
transportation and the expansion of renewable electricity can be leveraged by the bidirectional smart charging of
electric vehicles, called “vehicle-grid integration” (VGI). Studies to date have focused on simulations and pilot
studies to estimate the technical potential of VGI. We survey members of the U.S. Department of Energy’s
Electricity Advisory Committee using a Delphi approach to assess VGI’s market potential and challenges.
Building on the tradition of managing real-time demand with energy efficiency and load control, we extend the
concept to consider grid resilience services with VGI. The survey results are examined in tandem with a targeted
review of the literature, current policies, and the ecosystem of stakeholders. We find that experts rate grid-to-
vehicle integration as the most valuable mode, and they rate battery degradation and warranty issues as the most
important integration challenges. Our expert respondents also noted the need to create markets for ancillary grid
services in vertically integrated utility systems. Managing electricity and transportation as complementary
systems could help to address the growing need for grid resilience and carbon mitigation.

1. The resilience services of mobile storage as a transition enabler

Global energy markets are undergoing two major transformations –
the electrification of transportation and the growth of renewable energy
resources. If these shifts continue to evolve independently and without
coordination, they will require costly infrastructure investments and
cause service disruptions that could otherwise be averted. On the other
hand, if these transformations are coordinated to take advantage of
cross-cutting supply chain benefits, significant grid resilience and cost
benefits could result.

In utility territories and states where variable renewables command
substantial market share, grid resilience is being challenged. For ex-
ample, small residential transformers have been identified by Hanrahan
[1] and others as presenting a notable risk. In cities with significant
fleets of electric vehicles, daytime EV charging is straining electricity
reserves and is triggering the dispatch of natural gas generation along
with the real-time purchase of costly power. At the same time, a largely
untapped major opportunity for coordinating these green electricity
and transportation trends is emerging with the development of grid-
integrated vehicles.

The electrification of transportation globally and in the U.S. is well

underway. The Annual Energy Outlook 2018 projects a modest ex-
pansion of electric vehicle (EV) sales in the US – growing from less than
2% of total vehicle sales today to 15% by 20401 [2]. In contrast,
Bloomberg New Energy Finance [3] forecasts a more rapid fleet
transformation, with EVs reaching 60% of new car sales by 2040,
driven largely by declining battery costs. Battery prices have already
declined significantly (from $1000/kWh in 2010 to $273/kWh in
2016), and further reductions are anticipated [4]. This rising share of
EVs will impact electric grid infrastructure and operations. In addition,
as the share of EVs increases, alternative business models to integrate
the vehicles with the grid will emerge and generate potential for new
revenue streams.

With the EV market on a steady foundation, automakers are be-
ginning to develop a range of offerings and technologies that will likely
accelerate market acceptance.

As a result, the load on the electric grid from EVs is expected to grow.
This makes it timely to examine the potential impact of EVs on grid re-
siliency. With foresight, the investments needed to integrate EVs into the
electric grid can also be leveraged as a means of strengthening the resilience
of the grid. While EVs offer well-to-wheel greenhouse gas and local pollu-
tion reductions [5], they may also be a key to enhancing grid security.
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The share of renewable energy resources in electricity generation is
also growing. EIA [2] forecasts that total net electricity generation will
rise from 630 BkWh in 2016 to 1651 BkWh in 2050, an annual growth
rate of 2.7%. In some areas that already have significant penetration of
variable renewables, grid operators are already experiencing chal-
lenges, such as more frequent negative pricing events [6]. Layered on
top of these concerns, natural and man-made disasters also threaten the
grid’s ability to deliver reliable, high-quality power, as demonstrated by
Superstorm Sandy in 2012, the Polar Vortex in 2014, and Hurricane
Irma in 2017 [6]. As the U.S. economy becomes increasingly dependent
on information and communication technologies, access to reliable
high-quality electricity is essential to maintaining competitiveness in
the global marketplace.

A resilient grid can absorb shocks to prevent interruptions, manage
disruptions as they occur, and return to normal operation quickly. To be
resilient, the grid must have the capability to (1) anticipate, (2) absorb,
(3) adapt to and (4) rapidly recover from disrupting events [7]. The U.S.
Federal Energy Regulatory Commission (FERC) characterizes grid re-
silience as the ability of the bulk power system to withstand or recover
from disruptive events [8].

Many analysts have examined each of these issues – the dec-
arbonization of electricity generation, electrification of the transporta-
tion sector, and the increasing need for grid resilience. However, the
interaction between these trends is unclear. Little is known about the
potential role of EVs as contributors to the electric grid, their possible
participation in markets for resilience services, and their ability to help
manage stresses to the grid across highly variable states and regions.
We were offered the unique opportunity to query a set of U.S. experts to
determine their views on the impact of electric vehicles on the resi-
lience of electricity systems. The results are presented in this paper,
which represents the culmination of our preparatory research and the
findings of our survey.

The remainder of this paper is organized as follows. In the next
section, we provide a brief motivation and description of our approach.
Section 3 highlights the state of the literature and describes the dif-
ferent modes of integration and the polycentric policy ecosystem that
supports the expanding EV marketplace. This is followed by a discus-
sion of pilot case studies in Section 4. In Section 5, we describe our
survey and its findings. Section 6 envisions the potential co-evolution of
electricity and transportation systems in the U.S. and summarizes the
study and our conclusions.

2. Motivation and approach

We deploy a multi-pronged research approach to assess the tech-
nology, business, and policy challenges and identify the opportunities
for grid-integrated vehicles in the U.S. Specifically, we review the lit-
erature and the policy landscape, interview participants leading pilot
projects across the U.S.,2 and survey members of the U.S. Department of
Energy’s (DOE) Electricity Advisory Committee (EAC).

The EAC was established by the DOE to advise in implementing the
Energy Policy Act of 2005 and the Energy Independence and Security
Act of 2007. EAC members are appointed by the U.S. Secretary of
Energy to two-year terms. They represent different fields relevant to the
electricity industry including utility regulators, grid operators, elec-
tricity suppliers, academics, and NGOs. These experts deliberate and
advise the DOE on matters relating to the power sector. The range of
issues includes science and technology, regulations, and policy aspects
of the electricity sector. Different subcommittees within the EAC take
on various projects to examine the current state and future pathways of

the sector and provide the DOE with recommendations that help pre-
pare the sector and the economy for emerging trends and changes. As a
two-term member of the EAC, the first author of this paper led the
Smart Grid Subcommittee’s activities in 2017–18, participating in as-
sessments of the state of energy storage, modernizing the electric grid,
and valuation of distributed energy resources.3

Envisioning a future where transportation not only draws its energy
needs from the electric power sector, but also helps supports the resi-
lience of the electricity system, the Subcommittee elected to focus on
grid-integrated vehicles and the value of mobile battery storage. This
decision was motivated in part by the devastation caused by Hurricane
Maria in Puerto Rico in September 2017, which caused a half-year
when significant parts of the island experienced sustained blackouts.

3. EV-grid integration: state of the literature

Theoretically, integration with EVs can contribute to the reliability
and resilience of electric grids [9,10]. Reliability encompasses ade-
quacy – the ability of the electricity system to meet the aggregate
electrical demand and energy requirements of end-use customers at all
times, as well as maintaining operating reliability – the ability to
withstand sudden disturbances, such as electric short circuits or the
unanticipated loss of system elements [7]. Resilience ensures that the
system can bounce back from disturbances and minimizes damages. A
resilient system acknowledges that outages can occur, prepares to deal
with them, minimizes their impact, and is able to restore service
quickly. Grid-connected vehicles can support reliability through de-
mand response services and can help restore power in case of emer-
gency [7].

Again, in theory, grid integration of EVs can potentially reduce costs
for the power sector. The National Renewable Energy Laboratory used
California’s Low Carbon Grid Study to quantify the grid-value from
managed charging by using three levels of managed loads for 13 TWh of
annual load from three million EVs in 2030. Simulation results showed
that management of the EV fleet’s aggregate load from “unmanaged” to
“100% managed” could result in savings of $210 million to $660 mil-
lion annually in generation system costs, depending on grid conditions
[11]. Vehicle-grid integration also offers the possibility of savings from
distribution deferral—shifting line upgrades and component capacity
into the future.

This paper identifies and examines the different modes of grid-in-
tegrated vehicles, along with their technology, business, and policy
challenges and opportunities. We explore the possibility of a transpor-
tation system where vehicles not only draw power from the grid but can
also:

• Provide mobile storage to make the grid more resilient
• Offer other grid services with smart charging
• Charge from distributed energy sources
• Be used as a source of back-up power for homes and businesses
The evolving power grid operations and increasing penetration of

EVs would be mutually beneficial if EVs were grid integrated. With such
an integration, the mobile storage of EVs could be used to meet grid
service requirements such as those defined in Table 1.

2 Valuable inputs were also provided by participants in a meeting on "Grid-
Integrated Vehicles," co-hosted by Chattanooga's Electric Power Board and the
Georgia Institute of Technology on March 1, 2018. https://cepl.gatech.edu/
projects/sgp/GIV.

3 The EAC Smart Grid Subcommittee has a statutory basis in the Energy
Independence & Security Act (§1303). The Subcommittee advises DOE on “The
development of smart grid technologies, the progress of a national transition to
the use of smart-grid technologies and services, the evolution of widely-ac-
cepted technical and practical standards and protocols to allow interoperability
and inter-communication among smart-grid capable devices, and the optimum
means of using Federal incentive authority to encourage such progress.” Its
reports and memos can be found here: https://www.energy.gov/oe/services/
electricity-advisory-committee-eac/electricity-advisory-committee-reports-and-
memos.
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3.1. Modes of EV integration

The interactions between EVs and the power grid can be categorized
into three modes based on the functionality and the values that can be
extracted from vehicle-grid integration [12].

• Grid-to-Vehicle (G2V) is based on unidirectional flow of power
from the grid to the EV; it does not require the bi-directional flow of
power between the grid and the vehicle. Smart and coordinated EV
charging for dynamic balancing can make vehicle charging more
efficient by regulating and coordinating the charging, a myriad of
benefits could be achieved. G2V based modes of integration rely on
coordinated charging (advanced/delayed) to provide demand re-
sponse services to the grid. The service delivery usually takes place
during the hours of the day/night when the vehicle is idle.
• Vehicle-to-Building (V2B) requires a bi-directional flow of power.
The car needs to be charged from a source of electricity such as the
grid or a distributed energy resource such as solar panels; in addi-
tion, the car needs to be able to discharge power to the building. The
discharging of electricity from EVs to building energy management
systems can provide backup and emergency services to homes and
businesses. It can also reduce the building’s demand charge by
providing power to the building during the utility’s hours of peak
demand.
• Vehicle-to-Grid (V2G) requires the bi-directional flow of power to
enable cars to provide the grid with access to their battery storage. It
involves power flows back to the grid and the ability to support
advanced grid services such as voltage control, frequency regulation
and capacity firming. Providing frequency and balancing services to
the local distribution system requires the advanced control of power
flows from the vehicle.

Each mode of EV integration has a unique set of grid resilience at-
tributes. The need for these grid services will vary across states and
regions, depending on existing infrastructures and institutional regimes
that create “path dependencies” [13]. Current levels of reserve margins
and shares of variable renewable energy will influence the potential
revenue opportunities for EVs from reserve, voltage control and fre-
quency regulation markets. For instance, in the Southeast, reserve
margins are large and therefore markets for reserves may not be sub-
stantial; however, the need for voltage control and frequency regulation
could grow in stride with the region’s share of variable renewable en-
ergy.

3.2. Players and markets: a stakeholder analysis

The market for grid-integrated vehicles involves a complex socio-
technical system [14] of players – some that will be threatened by the
integration of transportation and electricity sectors, and others that
could benefit. The broad categories include manufacturers (of cars,
batteries, and solar photovoltaic systems), energy suppliers, new
market entrants, government agencies and consumers (Fig. 1).

A stakeholder analysis is a useful tool to examine the values, posi-
tions and resultant strategies of different players. It has been used
widely in many energy environment contexts [15,16]. We apply this
tool with a descriptive and instrumental purpose [17] to help situate
and contextualize issues and formulate our expert survey. The
boundary of our stakeholders includes all participants who are directly
or indirectly involved in the manufacturing, operation and usage of
EVs, and those who are impacted by their societal consequences. We
ask four questions for each stakeholder – what are their interests and
objective? What is their expected position? What types of resources do
the stakeholders have access to? What strategies and venues of influ-
ence will they leverage? (Table 2).

Table 1
Grid resilience services and definitions.

Resilience Services Definitions

Demand Response Responding to changes in prices or high demand by charging vehicles when system demand is low
Valley Filling Building loads during off-peak hours to help load shifting
Negative Demand Response Dynamic charging can be used to expand demand during low-demand periods to support base load power
Coordinated Charging Synchronizing the charging process in order to avoid demand surges
Demand Charge Reduction Switching to car batteries during high demand periods can help reduce demand charges for users
Reserves The low ramp-up speeds allow vehicle batteries to provide spinning, non-spinning and supplementary reserves
Emergency Back-up The battery of the vehicle can be used as a storage device that feeds back into the grid in the event of outages
Capacity Firming Using storage facilities to manage the variable generation, especially with the integration of renewables in the power generation mix
Voltage Control Using EV battery storage and two-way flow help maintain the voltage at the users’ end
Frequency Regulation Ramping up or down based on changes in frequency and the difference between power demand and supply

Fig. 1. Stakeholders Influenced by the Direct, Indirect, and Induced Impacts of Grid-Integrated Vehicles.
(Source: Authors)
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The two main groups of stakeholders who might oppose the tran-
sition towards grid-integrated EVs are the incumbents in both the tra-
ditional automotive and fossil energy sectors. Automakers who are not
entering the EV manufacturing field will lose market share and there-
fore would likely oppose efforts to electrify transportation. Similarly,
incumbent fuel suppliers – oil companies and gas station operators
would likely oppose the move towards EVs as they would also lose
market share. High levels of support can be expected from EV manu-
facturers, electric utilities and EV owners. The first two groups will gain
more market and therefore revenues, and EV owners can benefit from
an additional revenue streams created by integrated EV-electricity
markets.

As new entrants in the market, such as owners of EV fleets and
aggregators become more active, their orientation will depend on their
evolution and the types of business models they deploy. Non-utility
market aggregators have been involved in distributed solar and demand
response for more than a decade. They are now also consolidating
around mobile energy storage (i.e., EVs), stationary energy storage,
micro grids, and other elements of the smart grid. In the solar market,
consumers are becoming “prosumers”—both producing and consuming
electricity, facilitated by the fall in the cost of solar panels. Grid-in-
tegrated vehicles are another form of “prosumership” where the vehicle
owner can be a consumer as well as a producer of grid services [18].

3.3. Multi-scalar support for grid-integrated EVs

Several policies have been introduced at the federal, state and local
levels to support the uptake of EVs and related technologies across the
globe. The approach to policy design and implementation to mitigate
climate change concerns in the energy and transportation sectors takes
a multi-scalar and polycentric approach [19–21]. A wide range of
support mechanisms have been adopted at different levels of govern-
ment and include several stakeholders – both private and public. These
policies and support mechanisms illustrate the multi-scalar approach to
sustainability policy in the US. In addition to government agencies,
electricity providers are also stepping in by providing EV charging rates
and installing charging infrastructure for consumers who own EVs. The
combination of policies affects the entire ecosystem of the electricity-
transportation value chain. They address a wide range of factors that
address consumer behavior and values, adopt behavioral approaches,
and provide the requisite infrastructure, tasking building and con-
struction and management sectors and electric utilities with the re-
sponsibility to make sure that cities are “EV ready.”

In addition to policies that affect sales of EVs and related infra-
structure, federal and state level governments have adopted policies
that address storage technology. The policies will help create a market
for storage services and technology and make storage available for grid
services. The following subsections describe each level of policy making
and provide examples of policies that address EV sales as well as storage
capacity building.

3.3.1. Federal policies
The U.S. Government has adopted a combination of financial and

non-financial policies that would, in the long term, support the growth
of EVs and storage. Tax credits of $7500 are available for purchases of
EVs with a cap of 200,000 plug-in electric vehicles for each manu-
facturer. In addition, funds disbursed by a settlement with Volkswagen
are to be invested in improving the charging infrastructure for Zero
Emission Vehicles; and the mitigation trust set up from the settlement
will be used for investments in the clean transportation sector [22].

A recently issued order by the Federal Electricity Regulatory
Commission (FERC Order 841) calls for creating a market for the ser-
vices provided by energy storage, at large. While the order currently
focuses on stationary storage, with the rising share of EVs, this could
potentially be extended to the mobile storage provided by EVs.
Estimates from the Brattle Group suggest that the storage market could
offer up to 50 GW based on the falling cost of batteries [23].

3.3.2. State and local policies
Nearly all U.S. states have policies that encourage adoption of EVs.

These can be in the form of state income tax credits, reduced registra-
tion fees for EVs, and access to parking and charging infrastructure.
Table 3 provides a summary of the different support mechanisms across
states. Several states have also reduced the registration requirements
for EVs through simpler registration requirements, reduced licensing
fees, or road used charges. Financial incentives include tax credits,
special rebates, and vouchers. EV supply equipment policies typically
include grants, rebates and financial support for charging equipment
installed in homes as well as public places. States also have fleet re-
quirements where both state and privately-owned fleets need to have a
certain percentage of EVs. In some states, the utilities provide support
mechanisms through reduced prices and better electricity rates. HOV
access and free parking is also available for EV owners. Finally, states
also provide exemption from emissions testing for EV owners.

While most of these state policies support the use of EVs, some states
have introduced additional registration and road use charges for EVs,
particularly in the last several years. This is primarily to make up for
lower tax revenues and highway trust funds from the sale of petroleum
products [25]. Financial incentives have played a large role in ensuring
uptake of EVs in different states.

In the future, however, several of these incentives will reach their sunset
dates or their maximum sales caps. Uncertainty regarding these incentives
can adversely affect EV markets. The case of Georgia is illustrative: with the
passing of its Transportation Funding Act (H.B. 170) in 2015, a popular
$5000 state tax credit for EVs was repealed, and an EV registration fee was
created. The repeal caused EVs sales in Georgia to plummet.

States have also introduced mechanisms to support expansion of
storage either through incentives or through directives requiring uti-
lities to increase storage. California and Massachusetts have directed
their utilities to invest in storage capacities, while Nevada and
Maryland have provided investment incentives [6]. Such policies have
also encouraged further use of energy storage technologies for grid
support and energy security. These programs are generally technology-
neutral and will support the use of storage at the grid-level or behind
the meter on the customer’s premises. For example:

• California has directed its utilities to acquire 500MW of energy
storage by 2020;
• Massachusetts has ordered its utilities to procure 200MWh of en-
ergy storage by the end of 2019;
• New York’s legislators have proposed the creation of an Energy
Storage Deployment Program, with a 2030 procurement target;
• Maryland has adopted at 30% income tax credit for storage facilities
• Nevada’s legislature has passed storage incentives [6].
State and local building codes can require that new construction be

PV-ready with sufficient recharging and other supporting equipment
and facilities. At the state level also, policies to support EVs as well as
storage are in place.

Table 3
Number of states with different EV support policies.
Source: Coded based on the maps by Hartman and Dowd [24]

Policy Number of U.S. States

Fleet Requirements 28
Electric Vehicle Supply Equipment 27
Financial Incentives 23
Exemption from Emissions Testing 14
Utility Incentives 13
HOV Access 13
Reduced Licensing/ Registration/Road Charges 4
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Finally, with the growing role of cities in defining future energy and
transportation pathways, several cities are moving towards ensuring
that adequate infrastructure is provided for EVs (see [26,27]). In
Atlanta for example, the building codes require that new multi-family
buildings be equipped with charging infrastructure [28].

3.3.3. Utility policies
In order to facilitate a transition towards adoption of distributed

energy resources (DERs) for power generation, states have introduced
alternative pricing policies and other supportive legislations. Some of
these include net metering policies, real-time pricing, time variant
pricing, and specialized power rates all of which can impact the cost of
EV ownership.

Net metering allows distributed generation customers to benefit
from the excess power they generate. These DER consumers are allowed
to feed power back into the grid and receive credits for the excess power
that they supply. Different forms of support for net metering exist across
states. This includes explicit net metering policies, voluntary utility
policies (TX and IO), and other compensation rules for DER (AZ, GA, IN,
ME, MS, NV) [29]. The eligible renewable energy technologies, buy-
back rates, and capacity limits vary across states [12].

Real-time pricing allows electricity rates to better reflect their
marginal costs by changing dynamically in hourly or more frequent
increments. With the pervasive presence of internet enabled electronic
devices, the ability of consumers to respond to price changes in real
time has been greatly enhanced. Real time pricing allows users to
schedule their power usage in a way that they benefit from lower prices
and spikes in demand can be reduced as well.

Some states, including Georgia, also offer alternative electricity
rates to single-family dwelling EV owners, so that they can charge their
EVs at highly discounted rates at night. Several states have also adopted
advanced information and communication technology (ICT) policies
that will be crucial for implementing the multiple modes of vehicle-grid
integration. These include smart meters and rules and standards for
interconnections [12]. Further, large scale adoption of the new inter-
connected systems will hinge in large part on data privacy and cyber
security. Responding to this need, states have also introduced policies
that protect consumer data, and limit the ability of power providers to
share it (for example, California’s Senate Bill 674).

4. Lessons from pilot projects and simulation studies

Pilot projects and simulation studies in the U.S. have been limited,
reflecting the slow build-up of EVs in the marketplace. Nordic and other
European programs that use EVs to provide grid services were spawned
a decade ago and offer evidence that grid-connected EVs can operate
beneficially [30–32]. This international experience base has also
highlighted issues and difficulties associated with range anxiety, per-
ceptions of EV safety, and concerns over environmental justice [33–36].

Simulation studies, and pilot projects have been conducted within
and outside the U.S. to assess the revenue streams that could be gen-
erated by integrating EVs with the grid and managing charging and
supply of power. In a simulation assessment, Kempton and Tomić [9]
find that a battery vehicle could earn as much as $2554 in annual
profits from providing regulation services. In another estimate by
Shinzaki et al. [37], a vehicle could generate between $623 and $1014
in V2G service revenue streams. This could potentially reduce the up-
front cost of purchasing an electric vehicle.

The Balls Gap Battery Pilot program led by the American Electric
Power Company examined the role of installing a 2MW battery to help
reduce load on a substation transformer. This would be analogous to
managing a fleet of EVs [38]. The battery output was successfully bid
into the PJM market due to its reliable performance, analogous to how
grid-integrated EVs could bid into wholesale markets.

In a vehicle-grid integration test bed project at the UC-Berkeley
Global Campus in Richmond, California, Lipman [39] combined a Wi-Fi

enabled charger with a power system control and visualization device.
This test bed uses open source software to control the bidirectional
charging of grid-integrated vehicles.

The BMW iChargeForward pilot study allows EV owners in
California to “opt-in” for smart charging where the managed charging
by BMW would provide demand response services to Pacific Gas &
Electric (PG&E) [40]. In the second phase of the pilot study, partici-
pants receive a compensation of $600 in two installments in 2018 and
2019.4 Others have estimated the monetary benefits of EV-provided
demand response to be in the range of $100–$300 per year per parti-
cipating vehicle [41]. This could potentially reduce the total cost of
ownership of an EV [42].

Oak Ridge National Laboratory is partnering with UPS on a DOE-
funded project focused on developing high-power, bidirectional wire-
less charging for electric delivery trucks. Technology will allow power
to flow both ways, so vehicles can power the electric grid for the UPS
facility in the event of an electricity outage. The goal is a V2G mode,
with 6.6 kW wireless power transfer to building or grid loads providing
grid support functions or ancillary services that can strengthen grid
resilience. If charging of the vehicles plus all the operational energy
usage at UPS sorting facilities causes a voltage drop, reactive power can
be injected from vehicles for voltage regulation [43].

5. Survey findings

This survey aims to seek expert opinion on the role of EV integration
as a provider of grid resilience services.

We used a Delphi5 -type approach in designing our survey by consulting
with the experts on the EAC Smart Grid sub-committee. The survey was
conducted in three phases – first as a pilot with a limited number of experts
from outside the committee, next with the members of the committee’s
Smart Grid Subcommittee, and then with the Electricity Advisory Com-
mittee. The survey was reviewed and revised based on the comments re-
ceived from respondents prior to the full survey. The online survey link was
then shared with all members of the EAC. Follow-up emails were sent to the
committee members in order to ensure a high response rate. The committee
in some ways represents the entire population, therefore the 10 responses
reflect a wide spectrum of views including electric power companies, in-
dustry, consultants, and academics.

The questions explored the following questions:

1 Which mode of grid integration is likely to have the greatest impact
on grid resilience?

2 What grid resilience services can each of these modes provide today
and in the future?

3 Which models of non-utility participation would maximize grid re-
silience in terms of asset ownership, interactions with utilities, and
the provision of mobility services?

4 What technological, socio-economic/financial, and regulatory
challenges need to be overcome for a full deployment of G2V, V2B,
and V2G?

5 Which stakeholders would support or oppose grid-integrated EVs?

At any point in time, the EAC typically has 20–25 members: 10 of them
elected to complete our survey (See Appendix A). The following paragraphs
summarize the survey findings for each of these five questions.

5.1. Modes of integration

Most respondents believe that G2V integration has the highest
current and future potential impact (Fig. 2). This may reflect the

4 https://www.bmwchargeforward.com/.
5 For a history of Delphi method, please see: https://www.rand.org/topics/

delphi-method.html.
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additional technology and policy efforts needed to achieve V2G. In-
terestingly, both G2V and V2B are seen as having a large increase in
potential future impacts compared to their impact currently. V2B in-
creases by nearly 2 points on the 5-point scale) when comparing current
and future potentials

5.2. Types of grid resilience services

The tradition of managing real-time demand with energy efficiency
[44] can be expanded to consider the provision of grid resilience ser-
vices with VGI. Based on Table 4, the respondents selected different
resilience services they thought would be most beneficial for the dif-
ferent EV integration modes. These grid resilience services are closely
aligned with each of the three modes of EV integration [12]. Some
services are common to more than one mode of integration, such as
frequency regulation which is common to both V2G and G2V and re-
serve provision which is common to V2B and V2G. Other services are
unique to a particular mode, such as back-up generation, where EVs can
be used to power homes, hospitals, and shelters, thereby reducing the
casualties and economic cost of grid disruptions.

Fig. 3 lists the four types of services in rank order (from top to
bottom) based on the potential for grid-integrated vehicles to provide
grid resilience services, as evaluated by the EAC experts. Demand re-
sponse was rated the most important G2V services, reflecting its ability
via smart charging to avoid peak hours when generation margins are
small and costs are high. This was followed by valley filling, reflecting
the value of charging when there is ample spare capacity. Among the
services offered by V2B integration, emergency back-up was judged to
be the most beneficial. But demand charge reduction was also highly
rated. By strategically discharging electricity, EVs could clip a facility’s
peak consumption, which would then reduce the consumer’s monthly
rates. Finally, in G2V integration, voltage control and frequency reg-
ulation services are seen as having the highest potential. By helping to
balance the grid, these services could be particularly valuable with the
expansion of solar and wind power generation.

5.3. Alternative business models

An array of different business models exist that could be used to
deliver resilience and reliability services to markets. There is an
emerging role of non-utility participants operating in the EV-grid
marketplace. The evolving market structure is combining consumers
with third-party producers and aggregators in a variety of novel ways,
some of which are consistent with the sharing economy. A core concept
of the sharing economy is the ability to capture and redistribute the idle
capacity of existing assets [45]. By increasing the usage of products and
assets, economic productivity is enhanced. In most advanced econo-
mies, owners drive their cars only a few hours each day, offices are
often empty, large sections of homes are unoccupied much of the time,
stores have peak- and off-peak shopping hours, and power plants have
substantial unutilized capacity [46]. Collaborative consumption could
potentially put this excess capacity to better use [47].

The EAC questionnaire asked respondents to consider alternative
business models for grid-integrated vehicles (Table 5). “Aggregators
contracting with fleet owners” was seen to be the most valuable ap-
proach for aggregators to deliver grid services. Warranty coverage by
manufacturers and aggregators was viewed as the most helpful way to
manage the impact of grid integration on the potential degradation of
batteries. Professor Granger Morgan from Carnegie Mellon University
stated “At the moment, if I use that [battery] to run my refrigerator and
a few lights, I violate the warranty on my vehicle” [48].

5.4. Remaining challenges

Key challenges remain; they can be categorized as technological,
socio-economic, and policy and regulatory (Table 6).

5.4.1. Technological challenges
Survey participants expressed strong concerns about the degrada-

tion of batteries and the voiding of battery warranties with bidirectional
charging. Alternatively, some respondents suggested that the damage to

Fig. 2. Current and Futures Impact of Different Modes of Integration.
Survey questions: “On a scale of 1–5, how would you rate the current impact of G2V, V2B, and V2G in your region? Please also rate the potential impact of these
modes in your region.”
(Source: Authors)

Table 4
Potential for Grid-Integrated Vehicles to Provide Grid Resilience Servicesa.

G2V Mean Range Std Dev V2B Mean Range Std Dev V2G Mean Range Std Dev

Demand Response 3.8 3 1.0 Demand Charge Reduction 2.8 4 1.4 Capacity Firming 2.2 3 1.2
Valley Filling 3.5 3 1.3 Reserve Provision 2.2 3 0.9 Voltage Control 2.9 4 1.5
Negative Demand Response 2.7 4 1.5 Negative Demand Response 1.9 2 0.7 Reserve Provision 2.3 3 1.2
Frequency Regulation 2.6 4 1.4 Emergency back-up 3.3 4 1.3 Frequency Regulation 2.8 4 1.5

a Survey question: “Please rate the potential for G2V/V2B/V2G to provide the following services in your region”.
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batteries could be reduced and battery quality could be maintained
with proper monitoring: batteries that are “grid managed” can continue
to deliver steady voltage supply and last longer than unmanaged bat-
teries in EVs used just for mobility. The second most important tech-
nical challenge highlighted by the experts is standardizing the interface
equipment and communication protocols. The current standards SAE
J3072 and UL 1741 form the bridge to enable grid and vehicle in-
tegration. Utilities approve interconnection if electric vehicle supply
equipment complies with UL 1741. The vehicle manufacturers will also
need to certify their power converters for SAE J3072.

Finally, appropriate communications and technology platforms
need to be developed. The communication protocols for different
functions of grid-vehicle integration are being covered in IEEE 2030 for
smart grid interoperability of energy and information technology. The
communication channels need to be bi-directional and low latency for
integrating DER/EV for ancillary grid functions. In addition, the growth
of grid integration might get more complicated by the roll-out of DC fast
charging. With more fast charging stations and a larger uptake of EVs,
there are likely to be regional surges in demand over certain short
periods of time. To prepare for this, scheduling demand and supply is
important, along with stronger local infrastructure such as transformers
and charging stations.

5.4.2. Socio-economic and financial challenges
The most critical socio-economic/financial challenge was found to

be the voiding of warranties with bidirectional charging. This challenge
is followed by range anxiety. The need for providing more charging

network infrastructure is essential to reduce range anxiety [49–52] and
enable more EV adoption. This finding aligns with the well-established
theories of loss aversion in behavioral economics [53,54]. In addition,
lifestyle choices [55] and socio-economic factors continue to affect the
acceptance of EVs generally and a grid integrated model of EVs. The
voiding of battery warranties remains a key concern according to the
experts, followed by range anxiety of EV drivers and owners.

5.4.3. Policy and regulatory challenges
Policy design and regulation will need to evolve as technology and

business innovations are introduced [56]. EVs can lead to surges in
demand for charging power over space and time; thus, owners of DC
fast charging stations have to pay for transformer upgrades as well as
“demand charges”. As a result, our expert respondents identified tariff
design as the most important challenge, followed by the need to value
these services. In areas where utilities are vertically integrated, pro-
viding dynamic valuation of services generation by EVs will be chal-
lenging since these values are currently implicitly determined and the
services are not currently traded.

With the adoption of V2B and V2G, it will be necessary to ensure
that sufficient range is still available to EV owners and drivers, as
needed [57]. Since studies have shown that EV owners are interested in
controlled charging patterns [55], leveraging this area to first develop
the right rate design will be helpful over the long-term. Another key
regulatory challenge will be ensuring that data privacy and cyberse-
curity rules intended to protect consumers are in sync with the chan-
ging industry and structure.

Fig. 3. Types of grid resilience services and the overall potential impact of various modes of EV integration.
Question: “Please rate the potential for G2V/V2B/V2G to provide the following services in your region.”
(Source: Authors)

Table 5
Alternative Business Models.

Possible approach that aggregators could use to deliver grid services Models might be most helpful to manage the impact on batteries

Mean Range Std Dev Mean Range Std Dev

Leasing cars to customers 2.4 4 1.51 Battery Swapping 2.3 3 1.34
Providing subscription services for charging 2.9 2 0.88 Aggregator warranty/coverage 3.3 3 1.06
Contracting with fleet owners 4.3 3 1.06 Manufacturer warranty/coverage 3.5 3 1.08
Contracting with ride share services 3.3 4 1.25 Fleet owner warranty/coverage 2.9 3 0.99
Contracting with car rental services 3.1 4 1.29 Utility warranty/coverage 2.1 3 1.20

Question: “On a scale of 1–5, rate the value of each possible approach that aggregators could use to deliver grid services”. “On a scale of 1–5, which of the following
models might be most helpful to manage the impact on batteries”.
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5.5. Stakeholders

As noted earlier, there are several players in EV grid integration
markets who will support (or oppose) and influence the financial,
technological and regulatory transition towards a grid-integrated
transportation sector. On the one hand, our survey and research in-
dicates that support and influence are highest among utilities and EV
manufacturers as both these stakeholders stand to gain with higher EV
and electricity sales. In contrast, other auto-manufacturers will face
competition from EVs and are therefore unlikely to support integration.
Battery manufacturers might also be opposed to support integration due
to the uncertain impact on battery quality and warranty contracts. We
use the support measurements from the survey and combine them with
the level of influence each stakeholder would be expected to have in the
adoption of policies to create an influence-support matrix (Fig. 4). Large
players like utilities and electric grid operators appear to command
high levels of support as well as influence. Consumers (commercial,
industrial and residential) are concentrated in the middle; whereas
battery manufacturers are seen as modestly influential and somewhat
negative, while other automakers are on the bottom left of the scatter
plot: highly influential and opposed to grid-integrated vehicles.

6. Envisioning EV grid integration in the future energy system

The pace and extent of EV-grid integration will depend on the
structure of electricity and mobility markets. The other aspect of GIV
business models is the evolving transportation market where the tra-
ditional approach to vehicle ownership is being replaced by provision
of mobility services through rideshare and car rental options. In addi-
tion, the move towards autonomous or driverless vehicles is likely to
affect the demand for personal vehicles. The common denominator of
the sharing economy is accessibility to services and utilization of pro-
ducts, rather than ownership of assets (Fig. 5).

Social media forums encourage practices of sharing, because so
much more consumer information is being exchanged and connections
are being rapidly made. This process of information exchange, com-
bined with ride and space sharing, advances a move towards potentially
more efficient consumption of resources. From an economic perspec-
tive, a core concept of the sharing economy movement is the ability to
capture and redistribute the idle capacity of existing assets [45]. By
increasing the usage of products and assets, the sharing economy can
help to ensure that excess capacity is put to better use [47].

In electricity markets, the rolling out of smart grids may make en-
ergy use and production data more readily available. A challenge
identified in our survey of experts and literature review is the lack of
valuation of and markets for ancillary services. This is especially
characteristic of the vertically integrated electricity markets such as
those in the Southeastern U.S. where markets for grid and ancillary
services are thin or nonexistent. However, the integrated structure of
these markets could make them more amenable to valuing their ancil-
lary services. In the Southeast, for example, as the share of distributed
energy resources rises, the demand for regulation services will increase,
which could encourage the vertically integrated utilities to create new
markets for such services.

Our research leads to the conclusion that integrating EVs into an
increasingly green electricity market could produce resilience benefits.
The resilience benefits of G2V were broadly recognized by our expert
respondents, while for V2G, they were viewed with more skepticism. In
contrast, a growing body of evidence of the resilience value of V2G is
emerging in California, and markets for V2G ancillary services such as
frequency regulation are expanding in New York. Pilot projects are
already demonstrating that large gains can be made through G2V in-
tegration coupled with coordinated and smart charging. Studies of V2G
integration in other regions also provide evidence of the benefits of
considering this option. Nordic countries have one of the highest
market shares of EVs and an expanding V2G system [58]. This has beenTa
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facilitated by a supportive and stable policy environment that provides
infrastructure for charging, benefits to EV buyers and economic in-
centives.

Car manufacturers, cities, and countries across the world have es-
tablished targets to increase the share of EVs in their fleets, sales and on
road vehicles. Almost all car manufacturers have an EV strategy in
place. Companies like Volkswagen and BYD Auto have plans for rapidly
ramping up their EV manufacturing and sales. Cities like London and
Beijing have announced plans to have 100% electric transportation;
countries in the Nordic region also have similar pathways defined. As
such, the findings from this survey provide lessons for the trajectory the
transportation and electricity sectors might take and the challenges
they might face in the process. Business opportunities will likely emerge
sooner in regions and countries with greater EV penetration as the
benefits of grid integration could be realized more quickly.

Nevertheless, challenges remain, and the ultimate fate of grid-in-
tegrated EVs is unclear. Going forward, the magnitude of the benefits
that could be delivered needs to be specified in terms of the values
associated with each resilience service that GIVs can provide. The
creation of load-management services delivered by energy-efficiency
programs in the 1990s took more than a decade to materialize. This
same expansion needs to occur for EVs. What are the costs and benefits
of the full range of resilience services that EVs can offer, including

spatially targeted demand response, valley filling and frequency reg-
ulation?

Our survey of experts suggests that the main barriers to grid-in-
tegrated EVs are operational and administrative in nature. With most
respondents showing concern about the potential voiding of battery
warranties, gains can be made by addressing this liability preemptively.
If managed properly, it has been suggested that damage to batteries can
be reduced and battery life can be extended [48]. Policies to support EV
adoption do not exist in isolation but are, in fact, part of an entire
power-transportation-ICT value chain. As such, coordinating policy
design across these multiple infrastructures can leverage com-
plementarities and strengthen the case for GIVs as a strong contributor
to grid resilience.
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Fig. 4. “Influence-Support” Matrix of Stakeholders.
Question: “On a scale of 1–5, which stakeholders might oppose or support the present to a full deployment of all modes - G2V, V2B, and V2G?”
(Source: Authors)

Fig. 5. Evolving transportation and electricity markets.
(Source: Authors)

M.A. Brown and A. Soni Energy Research & Social Science 57 (2019) 101241

10



Appendix A. Questionnaire for DOE/EAC Members

Enhancing Grid Resilience with Integrated Storage from Electric Vehicles
This survey explores the growing link between electric vehicles and grid resilience. How can access to mobile batteries enhance grid resilience?

Responses to this questionnaire will help inform the EAC Smart Grid Subcommittee’s current work product on EV integration. Fig. A1
Note: The questionnaire is structured to allow for skipping questions and returning to them later. Please try to answer all of the questions.
Since utility models vary across different regions of the United States, please respond to this questionnaire from the perspective of one or a few

regions. The last question asks you to identify your region(s) (Fig. A1).
* Required
1. Name * ————————
2. Affiliation * ————————
3. Email Address * ————————

Section 1: Market Potential and Business Models

In this section, we look at the following three modes of EV integration:
>Grid to vehicle (G2V) - Refers to services based on unidirectional flow of power through smart and coordinated charging for dynamic

balancing; the purpose is to make vehicle charging more efficient and ensure that EVs positively impact the grid.
>Vehicle to building (V2B) - Refers to the provision of building electricity management, back-up and emergency services to homes and

businesses.
> Vehicle to grid (V2G) - Refers to EVs providing the grid with ancillary services for balancing the local distribution system; it requires a bi-

directional flow of power between the grid and the vehicle to enable provision of advanced grid services (Fig. A2).
We also examine an array of grid services that each mode could provide:

Fig. A1. Grid Integrated Vehicles.

Fig. A2. Types of Grid Services.
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4.1. a) On a scale of 1–5, how would you rate the current impact of G2V, V2B, and V2G in your region?
Mark only one oval per row.

5.1. b) Please also rate the potential impact of these modes in your region, by 2030. Mark only one oval per row.

6.2. a) Please rate the potential for G2V to provide the following grid services in your region. Mark only one oval per row.

7. Additional comments:

8.2. b) Please rate the potential for V2B to provide the following grid services in your region. Mark only one oval per row.

9. Additional comments:

10.2. c) Please rate the potential for V2G to provide the following grid services in your region. Mark only one oval per row.
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11. Additional comments:

12.2 d) Which of the grid services (listed above in a, b and c) could be provided as ancillary products in competitive wholesale markets?

13.2 e) Which of these grid services could be provided as products in vertically integrated markets?

14.3. On a scale of 1–5, rate the value of each possible approach that aggregators could use to deliver grid services Mark only one oval per row.

15.4. On a scale of 1–5, which of the following models might be most helpful to manage the impact on batteries
Mark only one oval per row.

16.5. Are there any innovative and effective cases of G2V, V2B, and V2G in your region? If yes, please describe these and provide any sources of
information that you might be aware of and contact details if available.
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Challenges and Solutions

17.6. a) How much of a challenge do you think the following technological factors present to a full deployment of all modes - G2V, V2B, and
V2G? Mark only one oval per row.

18. Additional comments:

19.6. b) How much of a challenge do you think the following socio-economic/financial factors present to a full deployment of all modes - G2V,
V2B, and V2G? Mark only one oval per row.

20. Additional comments:

21.6. c) How much of a challenge do you think the following policy/regulatory factors present to a full deployment of all modes - G2V, V2B,
and V2G? Mark only one oval per row.
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22 Additional comments:

23.7. On a scale of 1–5, which stakeholders might oppose or support the present to a full deployment of all modes - G2V, V2B, and V2G? Mark
only one oval per row.

24.8. What policies or regulatory changes might enable EVs to contribute more to grid resilience? Please explain.

24.9. What types of technologies, communications or control systems might be needed to enable EVs to contribute more to grid resilience?
Please explain.

26.10. How might grid resilience be impacted by integrating EVs with distributed solar and stationary storage?
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NERC Region

27. Please select which NERC region(s) you were considering while responding to these questions. *
Check all that apply.

ERCT - Texas Reliability Entity
FRCC - Florida Reliability Council
MORE - Midwest Reliability Organization - East
MROW - Midwest Reliability Organization - West
NEWE - Northeast Power Coordination Council/New England
NYCW - Northeast Power Coordination Council/NYC-Westchester
NYLI - Northeast Power Coordination Council/Long Island
NYUP - Northeast Power Coordination Council/Upstate
RFCE - ReliabilityFirst Corporation/East
RFCM - ReliabilityFirst Corporation/Michigan
RFCW - ReliabilityFirst Corporation/West
SRDA - SERC Reliability Corporation/Delta
SRGW - SERC Reliability Corporation/Gateway
SRSE - SERC Reliability Corporation/Southeastern
SRCE - SERC Reliability Corporation/Central
SRVC - SERC Reliability Corporation/Virginia-Carolina
SPNO - Southwest Power Pool Regional Entity/North

SPSO - Southwest Power Pool Regional Entity/South
AZNM - Western Electricity Coordinating Council/Southwest
CAMX - Western Electricity Coordinating Council/California
NWPP - Western Electricity Coordinating Council/Northwest Power Pool Area
RMPA - Western Electricity Coordinating Council/Rockies
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