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Executive Summary

Widespread electrification of the transportation sector holds the promise of greater vehicle efficiency and lower
emissions of greenhouse gases (GHGs) and other air pollutants. Many governments around the world have
identified electric vehicles (EVs) as a cornerstone of transportation sector emission control strategies, alongside
other efforts to reduce per-mile emissions from conventional vehicles, by improving technology and creating
new standards for liquid fuels. National EV targets in major economies call for nearly 20 million vehicles in
service by 2020 — a steep increase above the roughly one million EVs in operation in 2013.

From the vehicle buyer’s perspective, none of the EVs currently on the market are capable of perfectly
replacing the service provided by a conventional gasoline- or diesel-powered vehicle. The EVs with the highest
range potential of about 200 miles can still only cover about one half of the distance that a typical conventional
vehicle can cover before recharging or refueling. With less than 100 miles of range, the average EV is even less
capable as a substitute for conventional vehicles. Moreover, EV recharging takes longer than conventional
refueling, and EVs cost far more than comparable conventional vehicles. Affordability and range remain
significant detractors for prospective EV buyers.

On the other hand, electric motors are inherently more efficient than internal combustion engines (ICEs) at
converting potential energy into mechanical energy for the drivetrain. EVs have no tailpipe emissions, can be
refueled at home, and given current fuel and electricity prices it costs most consumers less to drive a mile on
electricity than on gasoline or diesel fuel.

How and when EVs are charged can dramatically affect their “usability” and attractiveness to consumers by
affecting charge time and convenience, as well as electricity costs. Different charging scenarios can also affect
the electric grid in different ways, with over-all effects that are both positive and negative. Negative effects
from significant EV penetration could include increased peak loads, over-stressed local distribution networks,
and increased air emissions from electricity generation. On the other hand, the potential benefits to the grid
from greater EV use include load smoothing and greater utilization of base load capacity during non-peak
periods, lower cost provision of ancillary grid services, and easier integration of variable renewable electricity
sources, in particular wind generated power.

This report examines key drivers of EV adoption in three regions - the United States, the European Union, and
China — with an emphasis on vehicle charging scenarios and infrastructure. The intent of this project is to
identify insights about the choice of charging infrastructure in each region that will both maximize benefits to
consumers (thus helping to drive EV adoption) and maximize benefits to the grid from greater EV use. The
report examines how these optimal scenarios differ by region, and makes recommendations for policies and
electricity regulations that will make realization of grid benefits from EVs more likely.

Regional Observations

» With current technology, the costs and operating limitations of EVs inhibit market growth in all but a small
segment of the potential buyer base. Adoption has fallen short of initial goals in all regions covered in this
report, forcing governments to abandon or revise their EV ownership targets.

» Key differences exist among electric sector regulatory regimes within the three regions. Furthest along with
electricity market deregulation, the U.S. can serve as a model for how to design market rules to reduce the
cost of integrating EVs on the grid. Because the basic principles of electricity dispatch hold true across the
regions, research conducted in the U.S. on the impacts of EV integration holds lessons for ways to
understand and minimize the impacts in all regions. Another observation gleaned from the U.S. market is
that the diverse fuel mixes of regional generating fleets, and intraday variations in system load, cause
frequent fluctuations in the emissions from electricity used to charge an EV. Across the board, better
alignment of electricity and transportation planning processes will be essential to optimize grid integration
of EVs, not only mitigating the downside risks but also capturing as much value as possible for system
operators.
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» European regulators have taken significant steps in recent years to deregulate the electric sector by
unbundling generation and transmission, and creating trans-national electricity markets. Trends toward
deregulation of the electric sector in all regions will facilitate greater market-based procurement of
decentralized generating capacity and load management resources. This could mean greater opportunities
for EVs to provide valuable services to the electric grid.

» Vehicle ownership rates are increasing in densely populated urban areas of China, even as transportation
and environmental officials grapple with unprecedented air pollution. EVs offer the potential to limit
mobile source air emissions by pushing them upstream into the electric grid, where successful control can
be achieved through limits on far fewer sources.

» Electric sector environmental regulations in the United States, coupled with low natural gas prices, have
helped reduce emissions from power generation, improving the operating footprint of EVs and increasing
their comparative advantage over gasoline-powered vehicles. Electric sector regulations in the U.S., along
with decarbonization goals being implemented in the EU, will continue to reduce GHG intensity and
conventional air emissions from electricity generation.

» Fleet-wide average fuel economy standards in all regions are driving demand for more efficient vehicle
technologies. These standards could help or hurt EVs, depending on the degree to which they stimulate a
market for other advanced vehicle technologies and drive efficiency gains in ICE vehicles. Whether
automakers increase production of EVs to help meet average fuel economy standards will depend on the
commercial prospects of EVs. Policies will play a key role here.

» Larger shares of grid-connected intermittent renewable energy resources, such as wind and solar power,
have been driven by electric sector renewable energy policies and the falling costs of generating
technology. The integration of these resources requires greater attention to electric system load
management, which could drive demand for the types of grid services EVs are capable of providing.

» The economic and policy landscape is ever-changing, and convergent factors have the potential to drive a

better business case for EV, for vehicle owners as well as state and national governments.

Recommendations

The report makes the case for four broad policy objectives:

1. Limit negative grid impacts, to avoid creating new barriers and costs due to integrating larger
numbers of EVs into the grid.

2. Realize full potential of grid benefits, to help lower ownership costs for drivers, and ensure that
electricity customers benefit from grid-connected EVs as much as is technically possible.

3. Expand economic incentives for drivers, through sound, cost-effective policies that assign value to
the benefits from EV use, and enable drivers to capture those benefits.

4. Avoid creating stranded assets through subsidies, by limiting public investment in high capital cost
electric vehicle supply equipment (EVSE) that is at risk of being underutilized.
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The following policy recommendations support these objectives:

Primary Policy Recommendations

Create or amend electricity sector rules to foster participation by non-generators in electricity markets. This
includes unbundling of electricity services, creating open and transparent electricity markets, enabling aggregators to
participate in ancillary services markets, and reducing regulatory barriers.

Encourage TOU and/or real-time electricity pricing tariffs. To minimize emissions impacts from charging, price signals —
whether through tariffs, or sent directly to customers — should reflect the environmental costs of generation, thereby creating
an incentive for charging behavior that minimizes the emissions due to vehicle charging. This is especially important in
regions where marginal generation has a high emissions profile.

Allow prudent cost recovery of capital and operating costs by electricity distribution companies to foster EV
ownership. For regulated utilities and distribution companies, cost recovery can be used as a tool to encourage investment
and modify incentives so they are better aligned with public policy goals. This can lead to infrastructure and operations that
are better suited to supporting EV ownership.

Adopt policies to control GHG emissions. Decarbonization policies place an economic value on GHG reductions,
increasing the size of the potential incentive pool for EV owners. Charging an EV produces varying amounts of GHG
emissions, ranging down to zero GHGs from renewable electricity, giving them an inherent advantage over ICE vehicles.
Stricter policies to control GHGs can increase the value of environmental benefits from EVs, and increase operating cost
savings, but careful policy design is needed to avoid creating new barriers to EV adoption.

Adopt inclusive approach to energy resource planning. It is important to ensure that energy resource planning,
procurement, and investment are compatible with public policies that address system reliability, affordability, air quality, and
GHG reduction, and do not provide unfair advantage to incumbent sources of generation.

Promote lower energy use, and rates, through decoupling. Regulated entities that earn profits on energy sales have an
incentive to sell more electricity, which can drive up energy costs for EV owners and reduce the cost savings vs. ICE
vehicles. Policies to separate utility earnings from energy sales, and reward energy and cost efficiencies, can reverse this
incentive. Many markets within the U.S. and EU have already taken this step.

Establish a long-term strategy to integrate EVs into road user fees. In the short run, preserve the implicit road tax
exemption for EV owners by minimizing road use EV surcharges. Meanwhile, launch an effort to identify the best approach
to integrating EV use into tax policy in a way that recognizes the societal benefits of EVs as well as the costs of road use, to
level the playing field with ICE vehicles.

Secondary Policy Recommendations

Stimulate prudent research and development activity. The greatest key to EV penetration is vehicle cost reduction and
range extension. Longer-range, cheaper vehicles would meet the daily driving needs of more drivers. Avoid
preferential/protectionist funding, which can lead to less efficient use of subsidy funds.

Harmonize EVSE and EV standards; include advanced communication capability. Government entities overseeing
standard-setting for vehicle charging should incorporate communication standards to enable controlled charging and meter
electricity flows between the vehicle and the grid. Greater harmonization of charging standards will also simplify the task of
writing new market rules that allow EVs to provide grid services. And finally, uniform standards for battery design could
improve the economics of battery swap stations, although the complexities of compatible vehicle design will remain a high
hurdle.

Consider EV charging incentives “elsewhere” on the bill. Beyond time-of-use (TOU) pricing, specific reductions to
transmission costs, capacity charges, environmental surcharges, and/or electricity taxes could be used to promote off-peak
charging and recognize the specific locational benefits of individual off-peak electricity use, compared to on-peak.

Establish customer relationship guidelines, or amend existing ones, to address issues raised by EV ownership.
New data privacy issues may arise when utilities have access to customer driving behavior. In addition, a range of outside
service providers, such as car dealers, EVSE contractors and grid services aggregators, will play a central role in
establishing new EV customer accounts, by deploying the necessary equipment and contractual arrangements. Taking a
proactive approach to working out these issues will minimize the risk that confusion, mistrust, or fraud could lead to slow EV
uptake.

Promote alternatives to high capacity public DC charging. As a matter of policy, promoting a dominant charging
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strategy of high capacity EVSE conflicts with the objective to limit negative grid impacts and realize the potential grid
benefits. Lower capacity, off-peak charging offers lower charging costs to consumers and reduces peak load, and because
of the longer charge times, provides greater opportunity for vehicles to provide grid services.
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Introduction

Policy makers around the world continue to seek ways to reduce gasoline and diesel fuel consumption, and
associated emissions within the transportation sector as a way to mitigate climate change and air pollution, and
reduce national security risks from oil and gasoline imports. According to the United Nations (UN), on-road
vehicles account for 13 percent of global GHG emissions, and contribute significantly to problems from ozone
and particulate matter, which can cause or exacerbate a range of health conditions. Governments have
employed a broad set of tools to improve vehicle fuel efficiency and encourage switching to alternative fuels,
such as electricity and natural gas.

Given the relatively long useful life of a passenger vehicle, the investment choices made by vehicle buyers
today will have environmental and security implications for a decade or more. In addition to vehicles bought to
replace the existing fleet, millions of others are expected to be added to the world’s roads in the coming years.
The UN projects the global vehicle fleet to grow from less than one billion to 2.5 billion or more by 2050;
ninety percent of this growth will take place in less-developed countries.

Powering vehicles with electricity offers the chance to reduce or eliminate emissions coming from a vehicle’s
tailpipe. As a result, governments in the U.S., Europe, and China have taken steps to encourage growth in the
market for plug-in hybrid electric vehicles (PHEVs) and battery electric vehicles (BEVs), along with other
unconventional vehicles. But the uptake of electric vehicles (EVs) has been slow, because high initial costs of
the vehicles make them less attractive than conventional vehicles with internal combustion engines (ICEs).
Moreover, current battery technology does not store enough energy to give EVs the same range as ICE vehicles
without the help of an additional source of energy, such as an on-board gasoline-powered generator.

A chief focus of EV policies, therefore, has been to offset high costs and usability limitations. Many
governments’ existing policies reduce purchase costs directly (e.g., through rebates), increase the useful range
(e.g., through subsidized networks of high capacity charging stations), or give EV drivers preferential access to
roadways (e.g., through exemptions to registration caps). And yet, sales of EVs have fallen short of both
governments’ and manufacturers’ goals, suggesting that current incentives are insufficient to break down the
barriers to market growth.

This report looks comprehensively at electric sector and transportation policies in the United States, Europe,
and China, and offers guidance on how to align these policies with the goal to increase EV ownership. It looks
at vehicle technologies and driver behavior, as well as electricity markets and grid operations, to provide a
foundation for evaluating different methods of EV charging, based on their negative impacts and their potential
to provide valuable services back to the grid. The report finds electricity markets better poised than ever to
accommodate EVs, but more work remains to ensure that transportation and electric sector policies complement
each other, and foster EV growth while maximizing the benefits to society.

Overview of EVs and Charging Infrastructure

A grid-connected electric vehicle (EV), for the purposes of this report, is defined as a vehicle powered fully or
partially by an electric motor, which is in turn powered by an onboard battery that can be charged through a
connection to the electric grid. EVs include battery-electric vehicles (BEVs), which rely exclusively on energy
stored in on-board batteries, and plug-in hybrid electric vehicles (PHEVSs), which use energy from batteries
along with supplemental energy, commonly from liquid fuels. This report focuses on light-duty passenger
vehicles, which constitute a majority of EVs currently in use, but there are also electric versions of commercial
vehicles, motorcycles, and heavy-duty utility trucks, buses, military vehicles, and trains.

Current Models

The market for EVs and PHEVs has expanded in recent years, as manufacturers introduce new vehicles and
electric versions of existing models. The commercially available vehicles range in size from the smart electric
drive two-seater to Toyota’s five-seater RAV 4 electric sport utility vehicle (SUV). Different vehicles are
available in different markets. Table 1 summarizes information on a select set of models, their charging times,
ranges, and efficiency ratings.
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Table 1: Charging Times, Range, Battery Size, and Efficiency of Selected EV Models.

Manufacturer Model Charging Time Electric-only Battery Fuel .
Driving Size Economy
120 volt AC 240 volt AC Range (kwh)
Hours Hours Miles kWh MPGe
BYD e6” 20 8-9° 186 61 97
Chevrolet Volt (PHEV)* 10-16 4 38 17 94°
Chevrolet Spark® 20+ 7 82 20 119
Fiat 500e’ 23 4 80 (est.) 24 108
Ford C-MAX Energi (PHEV)? 7 25 21 8 100
Ford Focus Electric’ 20 4 76 23 105
Ford Fusion Energi (PHEV)" 7 25 21 8 100
Honda Fit EV*™ 20+ 4 82 20 118
Mia** mia — 3or5 50 or 78 8ori2
Mitsubishi / i-miEV / 22.5 7 62 16 112"
Citroén / Peugeot C-Zero / iON™
Nissan LEAF® - 7 75 24 116
Opel Ampera (PHEV)™ 4 46 16 235
Renault Zoe"’ — 3.5" 130 22 -
Renault Fluence™ - 6-9 115 22 -
Tesla Model S* 30+ 4-6 265 85 95
Toyota Prius Plug-In (PHEV)** 3 1.5 11-15 4.4 95 est.
Toyota RAV4 SUV* 44-52 6.5-8 103 41.8 76

Electric Vehicle Supply Equipment (EVSE)

BEVs and PHEVs can increase their stored energy by plugging into the grid. Charging times vary based on the
type of vehicle, type of battery, and the capacity of the EVSE. Industry and government entities in the U.S.,
EU, and China have defined, and continue to refine, a set of EVSE standards that govern connector design and
charging capacity. The time to charge a battery is determined by the voltage and current provided by the
connection. Common household and business electric distribution infrastructure provides 120 volts in North
America and 220 volts in the EU and China; higher capacity charging usually requires special electrical work to
upgrade the service. Continued innovation in battery technologies and high capacity direct current (DC)
charging is leading to shorter charge times, but high capacity EVSE increases the costs of charging. For this
reason, high capacity charging stations are almost always installed for use by multiple vehicles. A more
detailed discussion of EVSE and charging scenarios appears later in this report.

EVs: Potential Benefits to Society

Emission Reductions

One of the most commonly-cited advantages to EVs is that they have no vehicle emissions. Compared to ICE
vehicles, which depend on the combustion efficiency and sophistication of on-board emission control systems,
the emissions attributable to an EV depend on the fuel source, efficiency, and emission controls on electric
power generators. An EV could be charged by solar panels on an adjacent rooftop, or electricity from a coal or
nuclear plant hundreds of miles away. Emissions from EV electricity use vary widely based on the local grid
mix, which varies by the time of day and, in certain cases, the time of year.”® Electricity from high-emitting
generators reduces the comparative benefits of EVs over ICE vehicles. This section summarizes research on the
air quality and climate benefits of EVs.

Air Quality

In a 2007 study, the Electric Power Research Institute (EPRI) and Natural Resources Defense Council (NRDC)
analyzed the potential impact of PHEV deployment on air quality in the United States. The analysis found that
in most areas of the country, large deployment of PHEVs would result in small, but significant improvements in
air quality. Overall, they estimated that PHEV deployment for 50 percent of the light-duty fleet would result in
decreased emissions of sulfur dioxide (SO,), nitrogen oxides (NOx), and volatile organic compounds (VOCs).

Electric Vehicle Grid Integration in the U.S., Europe, and China Page | 6



Ozone concentrations would decrease in most regions, but increase in some local areas, with 61 percent of the
population experiencing decreased concentrations of 0zone and 1 percent experiencing increases. Ambient PM
concentrations would also decrease in most regions. However, the study was conducted based on EIA’s 2008
Annual Energy Outlook assumptions, which forecast a coal-heavy energy mix, with only the environmental
controls that were required at the time of the analysis. Predictions of the future energy mix have since been
revised to include less coal and more natural gas. Thus, the emissions benefits of large-scale PHEV deployment
are likely to be even higher than estimated in this study.*

EVs also have the potential to reduce emissions further through their effects on the electric grid, either through
balancing load and shifting generator impact, or by providing ancillary services to the grid. A study on PHEVs
in Texas found that if vehicle charging is optimized through smart charging, a PHEV fleet of up to 15 percent of
light duty vehicles could actually decrease electric generator NOx emissions, even while increasing load.”® This
is because selectively increasing system load allows generating units to run more efficiently, and allows system
operators to deploy more efficient units. The same study found that using the batteries in the vehicles to
provide vehicle-to-grid (V2G) services could also reduce the SO, and carbon dioxide (CO,) emissions impacts
of increased load from PHEVs. V2G services include using batteries for spinning reserves, frequency
regulation, and energy storage to address peak load.?® The study did not compare PHEVS to conventional
vehicles, however.?’

In parts of the world with a more emissions-intensive electricity mix, the air quality benefits of electric vehicles
compared to gasoline vehicles may be negligible or nonexistent. A 2010 study by researchers from the Argonne
National Laboratory and China's Tsinghua University highlights the large increase in SO, emissions that would
result from wide deployment of EVs in China, due to the country’s high reliance on coal-fired electricity.”® EVs
could lead to SO, emissions from vehicles increasing by a factor of three to ten, and NOx emissions doubling, if
charged on the current grid. The report finds that even if the coal fleet were entirely equipped with flue gas
desulfurization (FGD) equipment (“scrubbers”), SO, emissions from an EV would still be 1.3 to 5 times the
emissions of an ICE vehicle, particularly as China’s gasoline and diesel fuel sulfur standards drive vehicle SO,
emissions down further.

Climate Change

Transportation contributes a significant share of total man-made GHG emissions world-wide. In the United
States, 27 percent of 2011 GHG emissions resulted from transportation.” Worldwide, 13 percent of
anthropogenic GHG emissions in 2004 were from transportation energy use.*® To the extent that EVs reduce
GHG emissions compared to conventional vehicles, they have the potential to impact total GHG emissions
significantly, but as with conventional air pollutants, CO, emissions from electricity generation vary
significantly based on the local grid mix.

In addition, the lifecycle CO, emissions from an EV vary greatly based on the design of the engine (for
PHEVs), motor, and battery size, as well as when and where the vehicle is charged, and how far it is driven
each year. Research has shown that grid de-carbonization is necessary in order to achieve substantial GHG
emissions reductions compared to conventional internal combustion engine (ICE) vehicles. In certain cases,
ICE vehicles may even be preferable to BEVs on a lifecycle GHG basis.** Depending on the region, and the
time of day that charging is done, marginal demand could be met by a variety of fuel types and could result in
emissions either higher or lower than the average grid emissions rate.*

The research conducted in 2007 by EPRI and NRDC estimated that, in 2050, PHEVs would emit fewer GHGs
than conventional vehicles or hybrid vehicles, even in a scenario in which electric sector CO, emissions
increase over 2010 levels. Lower emissions scenarios show higher GHG reductions, as do scenarios where
PHEVs have longer all-electric driving ranges.** A 2009 Argonne National Laboratories study also found that a
gasoline-fueled PHEV would offer a 30 to 60 percent well-to-wheel reduction in GHG emissions over a
gasoline-fueled ICE vehicle; fueling with cellulosic ethanol or transitioning to hydrogen fuel cell vehicles could
potentially result in even greater emission reductions.*

The 2010 study on China found that deploying EVs would increase CO, emissions given the current grid mix.
Compared to a conventional gasoline vehicle, CO, emissions from an EV powered by coal-fired electricity
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could increase by 7.2 percent. However, the report notes that a shift to more efficient, less carbon-intensive
electricity generation could change this.*

In the UK, which has one of the more carbon intensive grid mixes in Europe, a study by the Royal Academy of
Engineering noted that emissions from electric vehicles are similar to those from efficient gasoline and diesel
vehicles when fueled by the current grid mix. However, the study also notes that with de-carbonization of the
energy supply, widespread deployment of EVs could result in a significant reduction in GHG emissions in the
UK.%* EV impacts on electricity emissions in other regions are discussed later in the report.

EV Policy Implications

Detailed consideration of emissions impacts is needed across all of the study areas. EVs move emissions from
the tailpipe to the power plant, reducing localized mobile source emissions where vehicles are driven, but
increasing the need to generate electricity elsewhere. A robust understanding of the emissions implications of
charging strategies is the only way to ensure net emission reductions from EVs. Policies should seek to limit
the extent to which pollution is simply moved from one place to another.

Existing policies may or may not be effective in managing the emissions impacts from charging EVs. In the
EU, the National Emissions Ceilings Directive sets caps for key pollutants, and the Industrial Emissions
Directive sets emission standards for coal plants. In the U.S., national air policies for NOx are designed to
ensure air quality meets certain standards to protect human health, but they generally do not impose emission
performance standards on power plants. Some states, such as California, have adopted their own emission
standards for power generation. Otherwise, state environmental agencies and courts have the power to impose
emission limits, but this process would not lend itself to long-range planning. A thorough EV policy should
consider whether charging and operating an EV is exacerbating a problem upstream.

Energy Security

EVs, which rely on domestically produced electricity, have significant potential to reduce dependence on
foreign oil for oil-importing nations. In the United States, 47 percent of oil consumed in 2011 was imported
(11.4 million barrels per day).*” In 2011, 70 percent of total U.S. oil consumption was used for transportation,
with less than one percent consumed for electric power generation; thus, shifting transportation energy from oil-
based fuel to electricity has the potential to significantly reduce U.S. dependence on foreign oil.*® U.S.
domestic oil production has risen in recent years, but as of March 2013, the country continued to import more
than seven million barrels of crude oil per day.

Dependence on foreign oil imposes significant costs on the U.S. economy, as well as those of other nations that
import oil. The Lawrence Berkeley National Laboratory estimates that dependence on foreign oil cost the U.S.
economy $5.7 trillion from 1970-2009.% In addition, a report from the RAND Corporation reviewed estimates
of the defense and security costs to protect the U.S. supply and transit of foreign oil, and found estimates
ranging from $29 to $143 billion per year.* The $85 billion midpoint of these estimates equates to roughly $30
per barrel at an import level of eight million barrels per day.

All of the countries under study in this report are net importers of crude oil. To the extent that electricity
generation can be fueled through domestically produced fuels or renewable energy, the deployment of EVs has
the potential to reduce the direct and indirect costs of importing oil.

Electric Grid Management

In addition to the environmental and security benefits from switching away from oil-based fuels, EVs are
uniquely positioned to help maintain electric system stability. The promise of EVs providing energy and
capacity to the grid has been discussed widely, but is yet unrealized in a large scale. This section will explain
the potential benefits to the grid, and a later section will explore how regulators can design incentives and
policies that maximize these benefits.

Since personal vehicles are typically utilized only a small fraction of the day, they can be made available the
rest of the time for a secondary function. Grid-connected EVs can help balance the electric system by serving
as a capacity and energy resource, storing energy generated during off-peak periods, and returning it to the grid
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during peak electricity demand periods. Their connection to the grid can also be used to increase total electric
system efficiency by reducing the ratio of peak to off-peak load, a key metric of efficiency for system monitors.

Background on Electric System Resource Planning

Regulators and operators of electric grids around the world have the responsibility to make sure that electricity
flows reliably to customers by matching the supply (generation) of electricity with the demand for it (also
known as “load”). Maintaining stability on an electric system requires a strategy to ensure that ample
generating capacity resources are available over the long term, that those resources are able to deliver energy
when it is needed, and that the system can respond quickly to adjust for fluctuations in demand, as well as
unplanned generator failures.

How this is undertaken depends on the electricity market structure. In the U.S., an array of grid operators,
utilities, utility commissions, local distribution companies (LDCs), regional reliability coalitions, and other
entities have joint responsibility for resource planning and system operations.** In vertically integrated markets,
investor-owned utilities own power plants and deliver electricity to customers, and resource planning is
centrally managed by utilities, regulators, and regional reliability authorities. Ultilities manage real-time
operation of the electric grid, matching supply to demand. In deregulated markets, regional transmission
organizations (RTOs) procure energy and capacity through organized markets. RTOs have indirect control over
the market by writing market rules to ensure that the correct price signals are sent to both generators (supply)
and consumers (demand).

Resource planning in the European Union (EU) has, until recently, been a nationally coordinated function,
although the EU has completed deregulation and unbundling of energy and transmission services, and is in the
midst of deploying more robust, multi-country wholesale power markets. Real-time operations rely on a mix of
centrally managed national systems, together with multi-country “power pools.” Competitively-procured
electricity is delivered to customers by distribution system operators (DSOs), which are equivalent to LDCs in
the U.S. In China, two state-owned grid companies supply electricity to the whole country, manage resource
planning, and set electricity rates. A more detailed discussion of electricity market regulation follows later in
this report.

Capacity, Energy, and Other Resources

The technical challenge of balancing the electric grid in real time is the same across all market structures. In the
U.S., this means keeping power frequency within a narrow range around 60 cycles per second (hertz, or Hz); in
the EU and China, the system operates at a frequency of 50 Hz. If system load exceeds supply, the frequency
will drop, and vice versa. Grid operators can avoid prolonged frequency imbalances by ensuring the ability to
increase or decrease supply or load, working with generators and other market participants who supply a variety
of “grid services”. Although each grid operator defines its own categories of grid services, and terminology
varies widely, the resources can be generally defined as capacity, energy, and ancillary services:

e Capacity resources are procured months or years before delivery to ensure that the system will have
enough generating capacity to meet consumption needs. Procuring capacity means securing a
commitment from a generator that it will be able to deliver energy, as needed, at a future time.

e Energy resources are procured days or hours before delivery, based on short-term forecasts of system
load. Energy resources that are selected to run are expected to provide energy as and when needed.

e Ancillary services are procured within minutes or seconds of delivery, based on the very short-term
needs of the system. These resources allow system operators to manage short-term frequency and
voltage fluctuations based on changes in supply and demand.*’ Table 2 provides some common
resource definitions used in the U.S. and Europe, although the definition of ancillary services varies
from market to market.*

Table 2: Short-term Electric System Resources

Category Response Time and Purpose

U.S.: Frequency response Less than 30 seconds; rapid responses to small, short-
duration changes in system frequency
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Europe: Primary reserves

U.S.: Regulation services 30 seconds to 5 minutes; longer duration responses to
load fluctuations

Europe: Secondary reserves

U.S.: Operating/spinning reserves 15 minutes to one hour; responses to cyclical load

e fluctuations throughout the operating day

As a system operator looks to meet these resource needs, it assembles a portfolio of resource providers that can
provide flexible generation (e.g., from a power plant) or load management (e.g., by increasing or decreasing
energy use in a facility). Capacity, energy, and ancillary services have economic value, because stable voltage
and frequency are critical for keeping the electric grid powered. In a regulated electricity market, these
resources are provided by central power generators, such as natural gas, coal, or hydro plants. The cost of
providing them is bundled into a single price for electricity. There is little transparency in the value of each
component, and it is impossible for non-generation resources to get paid to provide these services.

Increasingly, though, market deregulation is leading system operators to break out these components and
procure them individually. By creating open markets for these resources, system operators are creating new
opportunities for alternative technologies. In the U.S., significant innovation has taken place in the PJIM
Interconnection, California 1SO, and ISO New England. And with EU electricity markets now deregulated,
market operators are looking to implement similar approaches to competitive procurement.

A major outcome of this deregulation in the U.S. has been the rise of the demand response industry. Policy
changes now allow market operators to compensate demand-side energy curtailment as if it were a conventional
generating capacity resource. In general, demand response has shown how price signals or incentive payments
can be used to reduce electricity use. To date, demand response has participated mainly in the capacity markets,
as opposed to energy or ancillary services. But the lessons learned in the formation of demand response policy
may be instructive as regulators consider ways to open deregulated markets to a broader range of
unconventional capacity, energy, and ancillary services providers.

EVs and Grid Services

How and whether EVs could participate in these growing markets remains to be determined by two factors: can
EVs provide services more cheaply than alternatives, and will regulators and market operators structure market
rules that enable EV owners to earn revenues in exchange for grid services.

EVs are well positioned to provide certain ancillary services. First, there is a technical advantage: the so-called
“ramp rate” of a battery and the on-board electronics — the amount of time it takes for a battery to produce a
certain amount of power — is much faster than that of a power plant, allowing EVs to respond almost
instantaneously to signals from the system operator. Faster-ramping resources typically have higher value in
ancillary services markets. Second, for a power plant operator to bid in the ancillary services market, he must
reserve enough generating capacity to meet the anticipated production needs. This means that he may not be
earning energy revenues from this reserved capacity, causing him to require payments that cover this lost
revenue, or “opportunity cost,” in addition to the costs of providing the service. EVs have no such cost, and can
therefore offer ancillary services to the market without needing to recoup this cost. Finally, frequent “cycling”
of power plants can increase maintenance costs, which increase the costs to provide ancillary services. EVs can
provide similar services without incurring these costs, as long as battery cycles are a small percentage of their
total capacity.** *°

On the other hand, although a grid-connected battery could theoretically provide capacity and energy, practical
considerations make EV batteries poorly suited to this role. Drivers need their batteries to be partly or mostly
charged in order to use their vehicles, limiting the amount of energy they can supply to the grid without
recharging. Vehicle owners may reject the notion of supplying power to the grid when they are in the midst of
the day’s driving.*® Current battery technology suffers about 25 percent efficiency loss in round-trip (charge to
discharge) cycles, making power from batteries fairly expensive. And finally, increased cycling of batteries
causes faster battery degradation, adding further to the cost of electricity. As a result, battery-stored electricity
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is often less cost-competitive than other forms of capacity and energy.*” EVs are likely to be most cost-effective
for regulation services/secondary reserves, where the technology has an inherent advantage.

Another consideration is whether EVs are configured as “dispatchable” — meaning that they are obligated to
provide grid services at the request of the grid operator, or “non-dispatchable,” meaning that the grid operator
has limited control. Unlike other advanced technologies that have been deployed for ancillary services, such as
industrial water heaters or space heaters, EVs are mobile, which may add complexity to knowing where and
when vehicles will be connected to the grid, and available for dispatch. EVs may be excluded from markets
unless rules allow non-dispatchable resources.

In addition, compensating vehicle owners for certain types of ancillary services would require separate metering
equipment, which increases the cost and complexity of EVSE. Little work has been done to show how these
costs add up. Additional analysis is needed to identify a model cost curve for a range of vehicles and electric
grids.

Regional market and electric system demands will ultimately determine which grid resources from EVs are
economically justified. Even if EVs are technically capable of providing high quality capacity, energy, or
ancillary services, each decision to implement the right market mechanisms and provide compensation for EVs
needs to be taken in the context of the best available technology and the broader grid operating requirements.

Demonstrating Ancillary Services in the PIJM Interconnection

The use of EVs to provide ancillary services is similar in concept to the use of other large household
electric loads. The PJM Interconnection, which manages parts of the mid-Atlantic electric grid from
New Jersey south to Maryland and west to Chicago, has recently expanded its “Advanced
Technology” program to show how consumer products can play a role in grid operations. They have
deployed controllable refrigerators, battery banks, water heaters, and space heaters that are capable
of responding to a regulation signal to reduce or increase load. PJM is able to tap this distributed
network to maintain system conditions. The organization has also begun collaborating with BMW
North America to show how EV charging can be controlled using a price signal from the wholesale
electricity markets. PJM has also recent started a collaboration to explore the potential for fleets of
vehicles to provide frequency regulation services to the grid.

Aggregation

Historically, many electricity markets have had high minimum capacity thresholds for market participants,
ranging from one megawatt (MW) in certain U.S. markets, to as much as 50 MW in France. Even at a one MW
cutoff, a minimum fleet size of roughly 100 EVs charging simultaneously on Level 2 EVSE would be needed to
participate in a market. To ensure that at least 100 EVs are available at any given time, the total vehicle pool
may need to be significantly larger.

An industry of capacity service providers (CSPs) has emerged in the U.S. to address a similar issue for demand
response providers. These companies pool energy end users that are too small to participate in electricity
markets, and bid blocks of capacity into the markets. A similar function will be needed to manage fleets of
grid-connected EVs. These entities would need to ensure that the services are available when needed, and
enforce charging standards that are compatible with the requirements of the grid.

From a policy perspective, changing market rules by reducing the minimum block size would encourage greater
participation from advanced technologies. The PJM Interconnection has done this, reducing the minimum
power capacity requirement to 100 kilowatts (kW). Such a move can enable a more immediate role for EVs in
the grid, by reducing the minimum number of vehicles needed to bid into the market.
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Grid-to-Vehicle vs. Vehicle-to-Grid

The simplest way to employ an EV for grid services is through a one-way grid-to-vehicle (G2V)
connection, which requires minimal investment in EVSE. EVs can affect the grid by reducing or
increasing the amount of power they draw from the grid.

Some studies have looked at the potential for enhanced vehicle-to-grid (V2G) services, in which EVs
can send power back to the grid. With V2G, grid operators could store and draw power as needed
from on-board batteries. This capability makes sense if battery costs are sufficiently low; otherwise,
the added costs of battery degradation may make electricity from EVs uneconomic.

In January 2013, the U.S. Department of Defense announced plans to invest $20 million in a fleet of
V2G-enabled EVs. The EVs are expected to replace existing fleets of passenger sedans, shuttle
buses, and other vehicles, and provide on-demand peak power to the grid. The Department’s analysis
has shown that the vehicles will be profitable as a result of fuel savings and revenues from grid
services. The fleet of 500 vehicles would be deployed at six locations in late 2013, with the first
vehicles going into use at the Los Angeles Air Force Base.

Source: U.S. Department of Defense, DOD Electric Vehicles Will Supply Power to Local Grids,
http://www.defense.gov/News/NewsArticle.aspx?ID=118971, accessed June 18, 2013.

Load Smoothing

In some electricity markets, utilization of baseload power plants during off-peak leads to lower generating
efficiencies and higher air emissions, as well as a need to “cycle” power plants down to match a drop in load.*
This daily fluctuation in load is known as a “load curve,” and varies seasonally as well as daily. Ever-changing
capacity needs require system operators to adjust the level of output from power plants. Large fleets of EVs
could bridge the off-peak “valley” by timing charging to coincide with cyclical off-peak load patterns.

To illustrate how this would work, consider an electric system with an off-peak load of 15 gigawatts (GW), an
on-peak load of 25 GW, and 16 million vehicles on the road — roughly the scale of the vehicle fleet registered in
the electricity market that serves the six northeastern U.S. states. Assume that EV market penetration reaches
five percent (800,000 vehicles), and that 80 percent of those charge overnight on home chargers with an average
capacity of 4 kW. The overnight generating gap would close by 2.6 GW, allowing system operators to avoid
cycling 26 percent of their load-following generating capacity. In areas with significant installed wind energy
capacity, this could enable system operators to absorb excess wind output without forcing down-cycling of
conventional power plants.

A 2007 study by the Pacific Northwest National Laboratories assessed the impacts of PHEVs on utilities and
regional power grids in the U.S. The study found that, for two studied utilities, PHEVs charged solely during
off-peak would reduce the average cost of power for the utility, because due to use of untapped off-peak
capacity fixed costs would remain largely the same, while energy sales increased.

From a policy perspective, the key enabler of load smoothing is the ability to control the time of day when
vehicles are charging. Time-of-day charging strategies should be developed using comprehensive information
about the efficiency, utilization, and emissions profile of the electric power generating fleet.

Regional Transportation and Electric Sector Market Dynamics

This report examines three broad regions — the U.S., the EU, and China. It is impractical, however, to draw
generalized conclusions at the regional levels since so much economic and demographic variation exists within
the countries in focus. The report therefore highlights a series of sub-regions, with particular attention to near-
term EV market growth potential. Within the U.S., we cite examples from California, Massachusetts, and
Michigan. These states cover a range of differences in electric power generation and power market structures.
Within the EU, we cite examples from France, Germany, Spain, the United Kingdom, and Denmark. In
addition to providing a snapshot of Western Europe, these countries have each implemented EV policies and
have collected and published relevant data that are useful for the analysis. Within China, we cite information
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from Beijing, Hong Kong, Guangzhou, and Shenzhen, which are significant economic centers with
demonstrated long-term EV policy planning. Given the diversity of cities, states, and countries in the study
area, these examples are not assumed to provide a comprehensive picture of the regions, but they do offer an
opportunity to explore key policy issues.

Vehicle Ownership and Usage

In the pursuit of mitigating transportation sector emissions of key air pollutants such as nitrogen oxides, sulfur
dioxide, and carbon dioxide, country leaders around the world have established ambitious targets for EV
adoption. Among seven countries participating in the Electric Vehicle Initiative, aspirational targets would
have EV fleets growing ten-fold over the next seven years — from just under 2 million EV and PHEVs to just
under 20 million by 2020.
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Figure 1: EV Market Growth under Selected Country Goals. (Source: Clean Energy Ministerial)49

As a share of total vehicles on the road, these numbers still represent a small fraction of the total: the United
States had over 230 million light duty vehicles in 2010, compared to roughly 250 million in the EU-27,>! and
240 million in China.> In this section we examine the current state of vehicle ownership and usage in the focus
regions.

Vehicle Ownership

Despite rapid recent growth in automobile ownership, China still lags far behind the U.S. and EU in per capita
vehicle ownership. As shown in Figure 2, the U.S. had over 600 passenger cars per 1,000 people in 2010. This
compares with 473 per 1,000 in Western Europe in 2009,> and less than 100 per 1,000 in Hong Kong and
Mainland China. (Note that these figures are for passenger vehicles that seat fewer than 9 people; the total
motor vehicle count is higher in all regions.)
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Figure 2: 2010 Passenger Car Census, Selected Regions (Source: World Bank)

In the U.S. and EU, household vehicle ownership is constrained by economic factors, as opposed to government
policy. The average ownership rate in the U.S. is 2.7 vehicles per household, more than double the ownership
rate in the EU as a whole and in the countries of focus, where ownership rates are closer to one car per
household. In China, high vehicle costs, government taxes, and limits on new registrations constrain vehicle
ownership in some cities.

Hong Kong, and Guangzhou impose caps on ownership, but Shenzhen does not. Results from recent license
plate auctions suggest that demand vastly outstrips the quotas for new cars among these urban populations. For
the U.S. and EU, stable vehicle ownership rates suggest that new car sales will roughly equate to the rate of
retirement of the existing fleet, as drivers buy new cars to replace old ones. In China, the unrestricted rate of
vehicle purchases would be far greater than the retirement rate. EVs in China, therefore, could theoretically
reach a much larger share of vehicle registrations more quickly than in the U.S. and EU.

Fleet Ownership

Government and corporate vehicle purchases account for a significant share of market activity around the
world. For example, in 2011, approximately 19 percent of total passenger car sales were fleet purchases in the
U.S. In Germany, that number is 32 percent.>® Shenzhen has an EV fleet made up of 1,300 public buses and
700 taxis,> in addition to roughly 1,000 private EVs.*® In May 2013, the Chinese EV maker BYD announced
that its e6 will be sold in the U.S. only to fleet customers, where it sees the greatest market potential.>’ Fleet-
focused incentives and policies may provide municipalities and governme