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1 Introduction

Due to a combination of factors, including technological advances, environmental concerns,
and entrepreneurial audacity, the market for pure electric vehicles, which was moribund
for more than a century, is poised for a dramatic revivalll] Several models are already
selling in considerable volumes. The portfolio of electric vehicles is beginning to span the
consumer vehicle choice set. Almost all major manufacturers are bringing new models to
the market. The Federal Government is encouraging these developments by providing a
significant subsidy for the purchase of an electric vehicle, and some states augment the
federal subsidy with their own additional subsidy.

The subsidies reflect beliefs that electric vehicles generate a range of benefits includ-
ing: decreased reliance on imported oil, insulation from oil price shocks, and a reduction
in environmental impacts[]] This paper explores the latter with a particular focus on the
air pollution emissions generated by driving a vehicle, including both greenhouse gasses
(GHGs) and local pollutants. Rather than simply accepting the assertion of environmental
benefits from electric vehicle use, we conduct a rigorous comparison of the environmental
consequences of gasoline and electric vehicles by extending and integrating existing modeling
tools.

There are two factors that motivate our exploration of the ex ante claims of environmental
benefits from electric vehicles. First, and most obvious, despite being treated by regulators
as “zero emission vehicles”, electric vehicles are not necessarily emissions free. In 2014, the
U.S. Department of Energy reported that nearly 70 percent of electricity generated in the
U.S. is produced by burning coal and natural gas. In many locations in the country, the
comparison between a gasoline vehicle and an electric one is really a comparison between
burning gasoline or a mix of coal and natural gas to move the vehicle. It is well-known that
coal has higher emissions than oil which has higher emissions than natural gas. Thus, the
relative emissions intensity per vehicle mile traveled is not immediately clear, despite strong

beliefs otherwise.

Thttp://energy.gov /articles/history-electric-car.
2http://energy.gov /eere/vehicles/ev-everywhere-grand-challenge-does-10-year-vision-plug-electric-
vehicles.



Second, there are significant physical differences between emissions from gasoline and
electric vehicles. This is due to the distributed nature of the electricity grid as well as the
height at which emissions occur. Charging an electric vehicle increases electricity demand
which is met by (potentially) several power plants that may be quite distant from where
the vehicle is driven. In contrast, emissions from a gasoline vehicle occur where the vehicle
is driven. Even if the two vehicle types are driven in the same location, their emission
patterns will be spatially distinct. Because air pollution damages depend on the location of
emissions (Muller and Mendelsohn, 2009), the damages associated with driving the vehicles
in one place may differ greatly from the damages associated with driving the vehicles in
another place. As for emissions height, gasoline vehicles emit pollutants at or near the
ground while power plant discharges occur hundreds of feet above the ground, leading to
additional heterogeneity in the damages produced by the two vehicle types (Muller, Tong,
and Mendelsohn, 2009). Evaluating these sources of heterogeneity requires careful attention
to the complex interactions among the underlying economic and physical systems.

These factors generate critical questions as to the merits of the federal subsidy. The first
factor questions the policy in terms of its sign: is it better to subsidize or tax electric vehicle
purchases? The second factor raises concerns regarding the one-size-fits-all design of the
subsidy. With heterogeneity in the environmental benefits of electric vehicles, what are the
welfare benefits of differentiated policy (i.e., allowing policy to vary by location)?

Our analysis addresses these questions. We determine the environmental benefit of elec-
tric vehicles relative to comparable gasoline vehicles accounting for heterogeneity in the
externalities from both types of vehicles. We analyze the welfare associated with policies
that target these externalities, such as subsidies on the purchase of an electric vehicle and
taxes on electric and/or gasoline miles, and we consider the welfare benefits of differentiated
policy.

To accomplish these tasks, we extend and integrate three component models. The first
component uses a theoretical discrete choice transportation model to analyze consumer choice

between electric and gasoline vehicles and welfare issuesP| The second component builds on

3Examples of theoretical discrete choice transportation models include De Borger (2001), De Borger
and Mayeres (2007), and Parry and Small (2005). Differentiated policy is analyzed by Weitzman (1974),
Mendelsohn (1986), Stavins (1996), Banzhaf and Chupp (2012), Muller and Mendelsohn (2009), and Fowlie



the econometric analysis of the relationship between electricity generation and air pollution
emissions to analyze the effects of changes in electricity load due to charging electric vehicles
on emissions from individual electric power plantsf{ The third component builds on air
pollution integrated assessment models to describe the relationship between emissions from
a given smokestack or tailpipe and damages at a given location| Combining the components
together yields a powerful and unprecedented modeling framework for analyzing electric
vehicle policyl[f]

Our first set of results documents the considerable heterogeneity in the environmental
benefit of an electric vehicle relative to a gasoline vehicle. This benefit can be large and
positive, large and negative, or negligible, depending on the location. For example, California
has relatively large damages from gasoline vehicles and a relatively clean electric grid, which
implies a large positive environmental benefit of an electric vehicle. These conditions are
reversed in North Dakota. In New York City and rural Nevada, the environmental benefit
is negligible. Using the environmental benefit, we calculate the welfare maximizing (second-
best) subsidies on electric vehicle purchases. Even in locations like California, subsidy values
are significantly less than the current federal subsidy. And in North Dakota the subsidy is
negative, implying a tax on the purchase an electric vehicle. The national average subsidy
for the purchase of an electric vehicle is estimated to be -$742. Thus, on average in the U.S.
for our study period, the second-best purchase policy is a tax, not a subsidy]]

Our second set of results shows the remarkable degree to which electric vehicles driven

in one location lead to environmental externalities in other locations. For example, at the

and Muller (2013).

4See Graff Zivin et al (2014) and Holland and Mansur (2008).

®Previous works includes Mendelsohn (1980), Burtraw et al. (1998), Mauzerall et al. (2005), Tong et al.
(2006), Fann et al. (2009), Levy et al. (2009), Muller and Mendelsohn (2009), Henry et al. (2011), and
Mauzerall et al. (2005). In our application of integrated assessment, we model both ground-level emissions
and power plant emissions throughout the contiguous U.S. In contrast to prior work, we report damages
within the county of emission, within the state of emission, and in total (across all receptors).

6Babaee et al (2014), Graff Zivin et al (2014), Michalek et al (2011), and Tessum et al (2014) analyze the
benefits of electric vehicles at the aggregate level. Li et al. (2015) consider variation in damages from electric
vehicles but assume uniform damages from gasoline vehicles. Grissom (2013) considers variation in damages
from gasoline vehicles but does not account for local pollution from electric vehicle charging. Our study is
the first to consider the geographic variation in damages from both local and global pollutants emitted by
both gasoline and electric vehicles and to tie this variation to a consumer choice model to evaluate welfare.

"Our electricity grid data are from the period 2010-2012 and the emissions inventory used by AP2 is from
2011. These are the latest years for which data are available.



state level, ninety-one percent of local pollution damages from driving an electric vehicle
are exported to states other than the state in which the vehicle is driven. In contrast, only
eighteen percent of local pollution damages from driving a gasoline vehicle are exported to
other states. This discrepancy has interesting political economy implications. Suppose that
a given state is considering whether or not to implement a subsidy on the purchase of an
electric vehicle. It is not obvious whether the state will consider full damages (damages
across all states), or only native damages (those damages which actually occur in the given
state) when setting policy. Moreover, state regulators face incentives in current air pollution
policy that emphasize within-state consequences of emissions. Central aspects of federal air
pollution policy, namely the National Ambient Air Quality Standards (NAAQS) established
by Title I of the Clean Air Act, emphasize compliance with ambient pollution limits within
states. Although there are constraints on the extent of exported pollution, especially from
power plants, the NAAQS clearly encourage local compliance. All else equal this would
lead state regulators to focus on in-state damage. The difference between using full and
native damages in determining the second-best subsidy may be considerable. Accounting
for full damages the second-best subsidy is positive in 12 states. Accounting for only native
damages, the second-best subsidy is positive in 34 states.

The final set of results assesses the deadweight loss of various second-best policies as well
as the welfare gains from differentiated policy. The theoretical analysis of our discrete choice
model reveals that the welfare gains from differentiated subsidies depend on the higher order
moments of the distribution of environmental benefits. Calibrating this model gives us an
estimate of the magnitude of these gains. For electric vehicle subsidies, we find large dead-
weight loss and small welfare gains from differentiation. For taxes on miles, we find small
(or zero) deadweight loss and larger welfare gains from differentiation. We also evaluate the
current federal policy of a $7500 subsidy on the purchase of an electric vehicle relative to
a default policy in which there is no subsidy at all. Because electric vehicles, on average,
generate greater environmental externalities than gasoline vehicles, the current federal pol-
icy has greater deadweight loss than the no-subsidy policy. Moreover, the welfare difference
between these two policies increases substantially as the electric vehicle adoption rate in-

creases, rising from $200 million at recent adoption rates to $3.7 billion at adoption rates



that are foreseeable in the near future (i.e., five percent of sales).

Public policy evaluation is especially difficult and important in contexts characterized
by: (i) strong prior beliefs as to the merits of the policy and/or its targeted outcome, (ii)
complex interactions among economic and physical systems, and (iii) large, or economically
significant outcomes. The federal policy which encourages the purchase of electric vehicles
exhibits each of these traits. As such, the present study is warranted and should be of broad
interest to economists, policymakers, consumers, and the environmental community.

In Section 2 we develop a simple general equilibrium model that includes discrete choice
over vehicle type as well as environmental externalities from driving. We derive several
theoretical results about second-best policy choices and the welfare benefits from differenti-
ated policies. In Section 3 we describe the methods by which we determine emissions and
damages from electric and gasoline vehicles. Section 4 presents the results. In Section 5 we
consider how the interaction with the Corporate Average Fuel Economy (CAFE) standards
may effect the second-best subsidies on electric vehicles and we discuss several important

caveats to our analysis. Section 6 concludes.

2 Theoretical model

Consider a theoretical discrete choice transportation model in which consumers in the market
for a new vehicle choose between a gasoline vehicle and an electric vehiclef] Consumers obtain
utility from a composite consumption good = (with price normalized to one) and from miles
driven over the life of the selected vehicle, either gasoline miles g or electric miles e. We
allow for several policy variables. The government may provide a subsidy s for the purchase
of an electric vehicle, place a tax t, on gasoline miles, a tax t. on electric miles, or some

combination of these policies. We hold fuel and vehicle prices fixed ]

8Examples of general discrete choice models are Anderson et al. (1992) and Small and Rosen (1981).
Examples of theoretical discrete choice transportation models are de Borger (2001) and de Borger and
Mayeres (2007). In Supplementary Appendix A, we extend the model to include several vehicles of each
type.

9This is consistent with a model in which vehicles and miles are produced by price-taking firms using
constant returns to scale technology.



The indirect utility of purchasing a gasoline vehicle is
V, =max x + f(g) such that z + (p, +t,)g = I - py,
.9

where py is the price of the gasoline vehicle, p, is the price of a gasoline mile, I is income,

and f is a concave function. Likewise, the indirect utility of purchasing an electric vehicle is
V. =max x + h(e) such that z + (p. +te)e =1 - (pa—s),

where pq is the price of the electric vehicle, p, is the price of an electric mile, and A is a
concave function. Because the objective function in these optimization problems is quasi-
linear, there are no income effects/l]

Following the discrete choice literature, we assume that the choice of vehicle is influenced
by ii.d. random variables €, and €. drawn from a common extreme value distributionE
Accordingly, we define the conditional utility, given that a consumer elects the gasoline

vehicle, as

Uy =V, +eg,

and the conditional utility, given that a consumer selects the electric vehicle, as
U, =V, +e..

A consumer selects the gasoline vehicle if U, > U.. This occurs with probability

exp(Vy/ i)
exp(Vy/p) + exp(Ve/p)’

7 = Probability (U, > U.) =

where v is proportional to the standard deviation of the extreme value random variables.

0The marginal utility of income is constant, the number of miles driven does not depend on income, and
the choice of vehicle does not depend on income.

UThe extreme value distribution (or double exponential distribution) has two parameters, 7 and p. The
expected value is py + 7 where v is Euler’s constant (0.577). The variance is p?(3.14159)2/6.



The expected utility of a new vehicle purchase is given by

E [max(Uy. ] = uln (exp(Va/pr) + exp(V/n)) .

Consumers create negative environmental externalities by driving, but ignore the damages
from these externalities when making choices about the type of vehicle and number of miles.
In our empirical analysis, gasoline vehicles emit several pollutants from their tailpipes and
electric vehicles cause emissions of several pollutants from the smokestacks of electric power
plants that charge them. Because the damages from these pollutants may be global or local,

we introduce multiple locations into the model.

2.1 Uniform vs. differentiated regulation

Let m denote the number of locations and let «; denote the proportion of the total population
of new vehicle buyers that resides in location 7. An important feature of our model is that
driving in one location may lead to local damages in that location, as well as local damages
in other locations. Accordingly, we define full damages due to driving in location ¢ as the sum
across all locations of local damages plus the global damages. Assuming that both global
and local damage functions are linear allows us to characterize full damages with a single
variable for each type of Vehicle Let 6,4 denote the marginal full damages (in dollars per
mile) from driving a gasoline vehicle in location ¢, and d.; denote the marginal full damages
(in dollars per mile) from driving an electric vehicle in location 7.

We determine welfare maximizing purchase subsidies under both uniform requlation (the
same policy applies to all locations) and differentiated regulation (policy may vary from
location to location). Because the first-best policy in our model is differentiated Pigovian
taxes on both types of miles, we refer to the welfare maximizing subsidies as second-best[5]

First we study differentiated regulation. Here there are m local governments that select

location-specific purchase subsidies. Let R; denote the expected government revenue gen-

12Prior research on the damages from local air pollutants has found strong evidence of constant marginal
damages. See Muller and Mendelsohn (2009); Fowlie and Muller (2013). Constant marginal damages is also
consistent with the EPA’s social cost of carbon calculations.

13Results for uniform taxes on miles are in the Supplementary Appendix B.



erated by the purchase of a new vehicle in location i[¥] For the moment, we assume local
government ¢ cares about full damages due to driving in location . It selects the purchase
subsidy s; to maximize the welfare W; associated with the purchase of a new vehicle within
the location, defined as the sum of expected utility and expected revenue less expected

pollution damage{™|

Wi = p(In(exp(Vei/ i) + exp(Vyi/p))) + Ri = (6gimigi + Oei(1 = 75)e;).

Optimizing the welfare function gives the the following Proposition (all proofs are in the

Appendix).

Proposition 1. The second-best differentiated subsidy on the purchase of the electric vehicle

in location © is given by s; where

s; = (5gigi — 0ci€i) -

The term d4,9; — dcie; is simply the difference between the full damages over the driving
lifetime of a gasoline vehicle and the full damages over the driving lifetime of an electric
vehicle[l®] Even if the electric vehicle emits less pollution per mile than the gasoline vehicle,
the sign of the subsidy is ambiguous, because the number of miles driven may be different.
If the miles driven are indeed the same, and the electric vehicle emits less pollution per mile
than the gasoline vehicle, then the subsidy is positive. We refer to the difference d4; — dc;
as the environmental benefit of an electric vehicle. This concept assumes that the number
of miles driven by the two types of vehicles is the same (an assumption we will maintain in
most of the empirical section below).

Next we study uniform regulation. Here a central government selects a uniform subsidy

that applies to all m locations. The government’s objective is to maximize Y. a;W;, which

14 Alternatively we could have a single revenue equation and assume that a central government makes the
location-specific policy choices. But, given our subsequent distinction between full and native damages, it is
natural to consider distinct local governments.

15Because there are no income effects, the consumer component of welfare is equivalent to the standard
notion of compensating variation (Small and Rosen 1981).

16The simple structure for the second-best subsidy is due to the fact that we only have two vehicles in
the choice set. If there are two or more gasoline vehicles in the choice set, then the second-best subsidy will
depend on the various cross-price elasticities (see Supplementary Appendix A).



is the weighted average of welfare across locations. The next proposition delineates the
second-best uniform subsidy. It also describes an approximation formula for the welfare gain

in moving from uniform regulation to differentiated regulation.

Proposition 2. Assume that prices, income, and the functions h and g are the same across
locations. The second-best uniform subsidy on the purchase of an electric vehicle is given by

S, where
5= ((Z ;0g;)g — (Z aiéei)e) )

Furthermore, let W(S*) be the weighted average of welfare from using the second-best differ-
entiated subsidies s? in each location and let W(S) be the weighted average of welfare from
using the second-best uniform subsidy § in each location. To a second-order approrimation,

we have

W(S) = W(S) = 51 =) (5 Dulsi = = 251 -20) T - 3)°).

where 7 is evaluated at the uniform subsidy.

Proposition [2 is most easily interpreted in the special case in which the population of
new vehicle buyers in the same in each location (o; = 1) and the electric vehicle and gasoline
vehicle are driven the same number of miles (¢ = €¢). Here the second-best uniform subsidy
S is equal to the average environmental benefit multiplied by the number of miles driven.
And the approximate welfare gain from differentiation is a function of the second and third
moments of the distribution of the environmental benefits. This provides a point of com-
parison to previous work on differentiated regulation[”7] But the practical application of the
approximation is limited because it depends on the value of u. Recall that this parameter is
proportional to the standard deviation of the random variables in the utility function. If we
determine a value for p, either by an econometric procedure (Dubin and McFadden 1984)
or by a calibration procedure (De Borger and Mayeres 2007), then we will generally be able

to determine the exact numerical value of the welfare gain, which eliminates the need for an

1"Mendelsohn (1986) finds the exact welfare improvement from differentiation to be a function of the
second moment of the distribution of the relevant environmental parameter. The reasons for this difference
are discussed in Supplementary Appendix C. See also Jacobsen et al (2015).



approximation.

2.2  Full vs. native damages

So far we have assumed that local government ¢ is concerned with the full damages caused
by driving in location ¢. But this may not necessarily hold. For example, when an electric
vehicle in driven in Pennsylvania, regulators in Pennsylvania may be more concerned about
environmental damages which occur in Pennsylvania than they are about downwind damages
that occur in New York. To account for this possibility, it is useful to break up full damages
into native damages (i.e. those damages which occur in location ¢) and ezported damages
(i.e. those which occur in other locations.)

If a local government only cares about native damages, then its objective is to maximize
Wi = g (In(exp(Ver/ i) + exp(Vyi/ 1)) + Ri = (0gimigi + 0ei(1 = 1) es),

where Sgi and Sei are the marginal native damages in location ¢ due to driving a vehicle in
location 7. It follows from Proposition (1| that the second-best purchase subsidy based on

native damages, denoted by 57, is given by
§f = (5gigi - 661'61') .

We would expect considerable heterogeneity across locations in the relationship between
native and full damages due to the various chemical and physical processes that govern the
flow of local pollution. In general, however, we would expect electric vehicles to export more
pollution than gasoline vehicles, due to the distributed nature of electricity generation as well
as the fact that smokestacks release emissions much higher in the atmosphere than tailpipes.
The greater the extent to which the electric emissions are exported to other locations, the
greater the extent to which a given location may want to subsidize the purchase of an electric

vehicle.

10



3 Calculating air pollution damages

The theoretical model illustrates that the environmental benefit of an electric vehicle arises
from reduced damages relative to the gasoline vehicle it replaces. We calculate this benefit by
determining emissions per mile for electric and gasoline vehicles, and then mapping emissions
into damages, accounting for the fact that both emissions and damages may differ by location.
In these calculations, we use the county as the basic unit of location. We first give an overview
of our general procedure, and then describe the details of our two component empirical
models.

We consider damages from five air pollutants: CO5, SO,, NOx, PMy 5, and VOCs. These
pollutants account for the majority of global and local air pollution damages and have been
a major focus of public policy[l’] Our set of electric vehicles includes each of the eleven
pure electric vehicles in the EPA fuel efficiency database for the 2014 model year. Our set of
gasoline vehicles is meant to capture the closest substitute in terms of non-price attributes to
each electric vehicle. Wherever possible, we use the gasoline-powered version of the identical
vehicle, e.g., the gasoline-powered Ford Focus for the electric Ford Focus.

To determine the emissions per mile for each gasoline vehicle, we integrate data from
several sources. For CO, and SO,, emissions are directly proportional to gasoline usage, so
we use conversion factors in GREET scaled by the EPA’s MPG[] We differentiate urban
and non-urban counties by using EPA’s city and highway mileage%] For NOx emissions, we
use the Tier 2 emission standards for the vehicle “bin”. For PMs 5 and VOCs, we combine
the Tier 2 standards with GREET estimates of PM; 5 emissions from tires and brakes and
VOC emissions from evaporation. The implication of this procedure is that emissions per
mile for each gasoline vehicle only differ across urban and non-urban counties7]

For electric vehicles, determining emissions per mile is more complicated. We begin with

the EPA estimate of MPG equivalent (i.e., the estimated kWh per mile).@ We adjust this

18 A more complete analysis would also include assessment of emissions from CO and toxics.

Tn the 2012 GREET model, developed by Argonne National Laboratory, the SO, emissions rate is
0.00616 g/mile at 23.4 mpg. This is slightly higher than the Tier 2 allowed 30 ppm which would be 0.00485
g/mile at 23.4 mpg.

20Urban counties are defined as counties which are part of a Metropolitan Statistical Area (MSA).

21The emissions per mile for our gasoline vehicles are reported in Table A in Supplementary Appendix D.

22We use the combined city /highway EPA figure and do not differentiate electric vehicles by urban and

11



figure to account for the temperature profile of each county, because electric vehicles use
more electricity per mile in cold and hot weather[”d] Next we use an econometric model
(described below) to estimate the marginal emissions factors (e.g., tons per kWh) for each of
our pollutants at each of 1486 power plants due to an increase in regional electricity load. We
combine these estimates with an assumed daily charging profile to determine the emissions
per mile at each power plant due to the charging of an electric vehicle in a given county”]
The implication of this procedure is that emissions per mile for each electric vehicle may
differ across any two counties.

Next we map emissions into damages. For CO,, we use the EPA social cost of carbon of
$41 per ton | For local pollutants, we use the AP2 model. This model calculates damages
per unit of a given local pollutant in each county (as described below). By multiplying
emissions per mile and damages per unit, and then aggregating across pollutants (and, for
electric vehicles, across power plants) we obtain the full damages per mile for each gasoline
vehicle and each electric vehicle in each county. As in the theoretical section, these full
damages account for global effects, local effects in the given county, and local effects in other
counties.

To analyze any policy which affects multiple counties, we need a sense of the relative
importance of driving in the counties. We weight all summary statistics using Vehicle Miles
Travelled (VMT) in each county, as estimated by the EPA for their Motor Vehicle Emission
Simulator (MOVES) P9

rural since regenerative braking leads to smaller differences in city and highway efficiencies.

23This is due to both the decreased performance of the battery and the increased demand for climate
control (Yuksel and Michalek, forthcoming, 2015). Temperature also effects the performance of gasoline
vehicles, but the effects are much smaller, so we do not adjust gasoline MPG for temperature. We model
the electric vehicle range loss as a Gaussian distribution with no range loss at 68°F but a 33% range loss at
19.4°F. See Supplementary Appendix E. We explore how sensitive our findings are to this assumption, as
well as others, in Section 4.4.

24We analyze eight charging profiles: our baseline profile using estimates from Electric Power Research
Institute (EPRI) (See Supplementary Appendix Figure 1 in Supplementary Appendix D), a flat profile, and
six profiles with non-overlapping four-hour charging blocks.

258ee http://www.epa.gov/climatechange/EPAactivities/economics/scc.html. We use the year 2015, 3%
discount rate estimate and convert it to 2014 dollars. Moreover, all monetary values in all model components
are also converted to 2014 dollars.

26The theoretical model weights by a; (the number of new vehicle buyers). This is equivalent if vehicles
are driven the same number of miles per year in each county, and vehicles last the same number of years in
each county.

12



3.1 Econometric model: estimation of marginal emission factors

from electricity use

To determine the emissions that result from electricity use to charge an electric vehicle, we
must determine which power plants respond (and how they respond) to increases in electricity
usage at different locations. The electricity grid in the contiguous U.S. consists of three main
“interconnections”: Eastern, Western, and Texas. Since there are substantial electricity flows
within each interconnection but quite limited flows between interconnections, we model each
interconnection separately. Within each interconnection, transmission constraints prevent
the free flow of electricity throughout the interconnection. Accordingly, we follow the North
American Electric Reliability Corporation (NERC) and divide the three interconnections
into nine distinct regions’] We use these nine NERC regions to define the spatial scale
for measuring emissions per kWh. In particular, our estimation strategy assumes that an
electric vehicle charged at any county within a given NERC region has the same marginal
emission factors as an electric vehicle charged at any other county within the same region [

Our data consists of hourly emissions of CO,, SO, NOx, and PM, 5 at 1486 power plants
as well as hourly electricity consumption (i.e., electricity load) for each of our nine NERC
regions, for the years 2010-2012°] We use these data to estimate the effect of electricity
load on emissions, employing methods similar to Graff Zivin et al. (2014) and Holland and
Mansur (2008). Like them, we allow for an integrated market where electricity consumed
within an interconnection may be provided by any power plant within that interconnection.
In contrast, however, we estimate the effect of changes in electricity load separately for each
power plant in the interconnection.

The dependent variable in our analysis, y;, is power plant i’s hourly emissions (COa,

27See http://www.nerc.com for a description of NERC regions. We model the Eastern interconnection as
the six NERC regions (FRCC, MRO, NPCC, RFC, SERC, and SPP). We define the MRO region to include
all of the Midwest Independent Transmission System (MISO) territory (circa 2012), even those parts in other
regions. We split the Western interconnection between California and the rest of the WECC. The Texas
interconnection is simply the coterminous ERCOT.

28There are some data on electricity load at NERC sub-regions. Due to a high degree of multi-collinearity,
our estimation strategy would likely not work at this level of disaggregation.

29C04, SO3, and NOx data are directly from the EPA CEMS. We construct hourly PMs 5 from hourly
generation and annual PMy 5 emissions rates. Power plant emissions of VOCs are negligible. More details
about this data are in Supplementary Appendix F.
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SOy, NOx, or PMy5) at time t. For each power plant, we regress the dependent variable
on the contemporaneous electricity load in each of the regions within the power plant’s
interconnection. To account for different charging profiles, the coefficients on load vary by
hour of the day. The regression includes fixed effects for each hour of the day interacted

with the month of the sample. We regress:

24 J(3) 24 12
Yie=. Y BijnHOUR,REGION;LOAD; + Y Y Qinn HOUR,MONTH,, + &4, (1)
h=1 j=1 h=1m=1

where J(i) equals the number of regions in the interconnection in which power plant i is
located, HOU Ry, is an indicator variable for hour of the day h, REGION; indicates elec-
tricity region j, MONT H,, indicates month of the sample m, and LOAD)j, is the electricity
consumed in region j at time t. The coefficients of interest are the marginal emission factors
Bijn, which represent the change in emissions at plant ¢ from an increase in electricity usage

in region j in hour of the day h.

3.2 The AP2 model: determining damages from local air pollution

The AP2 model is an integrated assessment air pollution model’Y] AP2 connects reported
emissions (USEPA, 2014) to estimates of ambient concentrations using an air quality model.
In particular, the air quality model maps emissions of ammonia, NOx, SOy, PMy 5, and
VOCs from each reported source of air pollution in the contiguous U.S. into ambient con-
centrations of SOy, Oz, and PMs 5 at all receptor locations (i.e., the 3,110 counties in the
contiguous U.S.). The remaining components of AP2 then link these ambient concentrations
to exposures, physical effects, and monetary damages. Welfare endpoints covered by the
model include: human health, crop and timber yields, degradation of buildings and mate-
rial, and reduced visibility and recreation (Muller and Mendlsohn, 2007). Human exposures
are calculated using county-level population data for 2011 which are reported by the U.S.
Census. Crop and timber yields are reported by the U.S. Department of Agriculture. Dam-

ages associated with built structures, visibility, and recreation contribute a very small share

30See Muller, 2011; 2012; 2014. The AP2 model is an updated version of the APEEP model (Muller
and Mendelsohn 2007; 2009; 2012; NAS NRC 2010; Muller, Mendelsohn, Nordhaus 2011; Henry, Muller,
Mendelsohn 2011). More details of our implementation of AP2 are given in Supplementary Appendix F.
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of total damage (Muller, Mendelsohn, Nordhaus, 2011)

Exposures are translated into physical effects (e.g., premature deaths, cases of illness,
lost crop yields) using concentration-response functions reported in the related literature. In
terms of the share of total damages, the most important concentration-response functions
are those governing adult mortality. We use results from Pope et al., (2002) to specify the
effect of PM, 5 exposure on adult mortality rates and we use results from Bell et al (2004) to
specify the effect of O3 exposure on all-age mortality ratesP] Mortality risks, which comprise
the vast majority of damage from local air pollution, are then expressed in terms of monetary
terms using a $6 million value of a statistical life (VSL). Crop and timber yield effects from
pollution exposure are valued using 2011 market prices.

Because of the focus of this paper on small changes to the vehicle fleet, calculation of
incremental damages per-unit mass emitted is necessary. The algorithm used to compute
damages per ton herein has been used in prior research (Muller and Mendelsohn, 2009;
Muller, Mendelsohn, and Nordhaus, 2011). Briefly, this entails the following steps. With all
sources in the U.S. emitting at their reported level in 2011, exposures, physical effects, and
monetary damages are computed. Then, for an emission from a particular power plant, AP2
adds one ton of SOs, for example, to reported emissions for 2011. Exposures, physical effects,
and monetary damage are re-computed. The incremental damages per-unit mass is tabulated
as the difference in monetary damage between the baseline case and the add-one-ton case.

Importantly, in computing per-unit emitted damages, AP2 aggregates the difference in
damages across all county receptors affected by the additional ton. As discussed above,
local governments may be more concerned about native damages rather than full damages.
We use the AP2 model in a novel way to determine both types of damages. To determine
full damages, we follow the usual procedure and aggregate damages at all receptors. To
determine native damages, we disaggregate the plume of damages resulting from emissions
at a given source in two ways. For in-state effects, native damages are limited to the change
in damages that occur within the state of emission. For in-county effects, native damages

encompass damages which occur within the county of emission.

3In our sensitivity analysis, we show the effects of using a more recent concentration response functions
from Roman et al., 2008.
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4 Results

4.1 Environmental benefit of electric vehicles

The environmental benefit of an electric vehicle depends on the difference between damages
from gasoline and electric vehicles. We begin with damages from electric vehicles. The right
panel of Figure 1 illustrates our baseline estimates of the damages (in cents per mile) for the
2014 electric Ford Focus by county. The variation is largely driven by the NERC regions,
although damages do vary within a region due to our county-specific temperature correction.

Table 1 summarizes the data in Figure 1 and shows sensitivity with respect to charging
proﬁles In the baseline EPRI profile, mean damages are 2.5 cents per mile (the equivalent
of 7.5 cents per kWh) but range from less than one cent per mile in California and the West
(WECC) to over four cents per mile in the Midwest (MRO). These regional differences in
emissions reflect the pollution intensity of the fuels used in each region’s generating capacity
as well as its electricity imports from other regions. There is some variation in damages
across the charging profiles. It is widely assumed, as in the EPRI charging profile, that
most electric vehicle charging will occur at night. However, damages could be reduced in the
Midwest (MRO) by over 1.5 cents per mile by charging between 1pm and 4pm, for example.
But generally, variation across charging profiles is much smaller than the variation across
NERC regions.

The left columns in Table 2 summarize the distribution of damages across counties for
the electric Ford Focus as well as all other 2014 model year electric vehicles. For the electric
Ford Focus, the mean is 2.5 cents per mile with a range from under one cent (in the West)
to almost 5 cents (in the Midwest). The difference across vehicles is due solely to differences
in their efficiency (in kWh per mile). For example, the BYD e6 (the dirtiest electric vehicle)
uses approximately twice as many kWh per mile as the Chevy Spark (the cleanest electric
vehicle). Correspondingly, the mean, minimum, and maximum damages of the BYD e6 are
approximately double those of the Chevy Spark.

We now turn to the damages from gasoline vehicles. The left panel of Figure 1 illustrates

the damages (in cents per mile) for the gasoline Ford Focus by county. The counties with

32 All results are in 2014$ and all summary statistics are weighted by VMT.
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large damages correspond to major population centers because air pollution damages are
mostly comprised of premature mortality risks. These damages are summarized in the middle
columns of Table 2. For the gasoline Ford Focus, mean damages are two cents per mile (the
equivalent of $0.60 per gallon) but range from about a cent per mile to over four cents per
mile 7]

Notice that there is substantial overlap in the distributions of damages from gasoline and
electric vehicles. If these damages were highly correlated, then the environmental benefit
of an electric vehicle would be small in most counties. In fact, the damages are not highly
correlated (the correlation is 0.06). As a result, the environmental benefit varies substantially,
as shown in the right columns of Table 2. For example, gasoline vehicle damages are large
in Los Angeles (due to the large population and properties of the airshed) but electric
vehicle damages are small (due to the clean Western power grid). In this situation, the
environmental benefit is almost equal to gasoline damages (i.e., three to four cents per mile)
and hence electric vehicles have substantial environmental benefits. The opposite occurs in
the upper Midwest where gasoline vehicle damages are small (due to low population densities)
but electric vehicle damages are large (due to the prevalence of coal-fired generation in the
region and the temperature adjustment to electric vehicle range). Here the environmental
benefit of an electric vehicle is negative, and is almost equal to the electric vehicle damages.
Overall, the environmental benefit is negative on average for each of the electric vehicles in
Table 2P% The electric Ford Focus is the median electric vehicle in terms of environmental
benefit, and we focus on it throughout the results section.

Using Proposition 2, we can convert the environmental benefit into the second-best pur-
chase subsidy by assuming that both the electric vehicle and the gasoline vehicle are driven

150,000 milesP? Figure 2 shows the second-best subsidies by county. Except for a few coun-

33The mean damage per gallon of gasoline is $0.62 per gallon for each vehicle since the damages are
proportional to gasoline use and our substitute vehicles are all in the same Tier 2 “bin”.

34This is due in large part to the fact that only 30% of the VMT occurs in the three regions with the
lowest marginal damages from electricity (see the last column of Table 1).

35We are assuming that both types of vehicles have 10 year lifetimes, regardless of the number of miles
driven, and that both types of vehicles are driven 15,000 miles a year in the absence of any taxes on miles.
In practice, vehicle life depends on both years and miles driven. Moreover, it is not clear whether electric
vehicles will be driven more (due to lower costs per mile) or less (due to the inconvenience of charging) than
gasoline vehicles.
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ties around New York City and Atlanta, the subsidy is negative throughout the eastern part
of the country (i.e. it is a taz on the purchase of electric vehicles). The subsidy is large and
negative in the Upper Midwest. On the other hand, it is positive in most places in the West,
and quite large in many counties in California. Overall, the second-best subsidy ranges from
about positive $5,000 to negative $5,000.

In Table 3, we aggregate to the level of Metropolitan Statistical Area (MSA). The MSAs
with the highest environmental benefit are all in California because electricity generation in
the West does not produce much air pollution. In these MSAs, the environmental benefits
are about two to three cents per mile (a second-best subsidy of up to $5000). The MSAs
with the lowest environmental benefit are all in the upper Midwest, again because of the
prevalence of coal-fired power stations. Here the environmental benefits are negative three
cents per mile (a second-best purchase tax of about $4000). Other large MSAs can have
either positive or negative environmental benefits. New York and Chicago have some of
the largest damages from gasoline vehicles, but environmental benefits from electric vehicles
are small or negative due to the large damages from electric vehicles. Electric vehicles
have substantial environmental benefits in the major Texas MSAs, due to relatively low
electric vehicle damages in Texas. However, for non-urban regions as well as for MSAs in
the Southeast, Northeast, and Midwest, the benefits from electric vehicles are negative.

Table 4 contains a similar analysis at the state level. Compared to MSAs, the environ-
mental benefits of electric vehicles are smaller at the state level because of negative benefits
in non-urban areas. The largest environmental benefits are in California (a second-best sub-
sidy of $3,000) and other Western states. The lowest benefits are in the Upper Midwest (a
second-best tax of almost $5,000 in North Dakota.) There are only 12 states in which the
environmental benefit is positive, and Texas is the only high VMT state outside the Western
interconnection in which the environmental benefit is positive. The left panel of Figure 3
shows the second-best purchase subsidy by state. When driven in the average state, a 2014
electric Ford Focus causes $724 more environmental damages over its driving lifetime than
the equivalent gasoline Ford Focus.

Despite these modest (or negative) environmental benefits of electric vehicles, the current

federal subsidy for electric vehicles is $7500. Many states have additional policies designed
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to encourage the adoption of electric vehicles.

4.2 Exporting pollution: full and native damages

Although both gasoline and electric vehicles export pollution, electric vehicles export pollu-
tion to a remarkable degree (the grid itself is distributed and emissions from power plants
are released from tall smokestacks intended to disperse pollutants over a wide area). To
illustrate this discrepancy, we first analyze transport of a specific pollutant from a specific
county. Panel A in Figure 4 illustrates the change in PMs 5 associated with a fleet of 10,000
gasoline-powered Ford Focus vehicles, each driven 15,000 miles in a year in Fulton County
Georgia. Most of the increase in PMs 5 is centered within a few nearby counties. Panel B
in Figure 4 shows the change in PM; 5 associated with the same number of miles driven by
electric powered Ford Focus vehicles that are charged in Fulton County, thereby increasing
the consumption of electricity in the Southeast (SERC). The spatial footprint of PMy 5 in
this case encompasses the entire eastern U.S.

Our definition of native damages allows a more comprehensive analysis of pollution ex-
port. Table 5 shows native damages at both the state and county levels for both electric
and gasoline vehicles. For electric vehicles, full damages from local pollutants are 1.6 cents
per mile on average. Native state damages are only 0.15 cents per mile, and native county
damages are only 0.02 cents per mile. Thus on average 91% of electric vehicle damages from
local pollutants are exported from the state and 99% of are exported from the county. Local
damages from gasoline vehicles are exported to a much smaller extent. On average only 18%
of these damages are exported from a state and only 57% are exported from a county.

Using native damages rather than full damages changes the environmental benefit calcu-
lation quite dramatically, especially at the lower tail of the distribution. In this lower tail,
gasoline full damages are small and electric full damages are large. Because most electric
vehicle damages are exported, both native gasoline damages and native electric damages are
small. This implies that the lower tail of environmental benefit moves from approximately
-3.5 cents per mile to approximately -0.06 cents per mile for county-level native damages.
In contrast, at the the upper tail of the distribution, electric vehicle damages were already

low, so accounting for native damages has a smaller impact on the environmental benefit.
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On average, the environmental benefit calculated using native damages is positive at both
the state and county level. Correspondingly, as illustrated in the right panel of Figure 3, the
state level second-best purchase subsidy, using native damages, is positive in 33 out of 48
states.

Do state policymakers place greater emphasis on full or native damages when considering
electric vehicle subsidies? Eight states have implemented subsidies for the adoption of elec-
tric vehicles, above and beyond the federal subsidy: California ($2500), Colorado ($6000),
Georgia ($5000), Illinois ($4000), Maryland ($3000), Massachusetts ($2500), Texas ($2500)
and Utah ($1500). In addition, some states offer a variety of other incentives, including
carpool lane access, electricity discounts, and parking benefits| As shown in supplemen-
tary Appendix G, both actual subsidies and the number of other incentives are more highly
correlated with our calculated native damage subsidy than with our calculated full damage
subsidy. This evidence suggests that native damages may help explain state policymakers’

support for electric vehicle subsidies.

4.3 State and county differentiated policies

Our analysis shows that the environmental benefits of electric vehicles vary substantially
across locations. This raises the question of whether differentiated policies can lead to large
enough welfare gains to offset any additional implementation costs. To calculate these welfare
gains, we calibrate the discrete choice model developed in Section 27| In addition to electric
vehicle purchase subsidies, we also consider fuel-specific taxes on miles driven (i.e. VMT
taxes), because such taxes at the county level correspond to first-best policy in our model.
Table 6a shows the deadweight losses for differentiated VMT tax policies. County-specific
taxes on electric miles and gasoline miles set at the Pigovian levels ¢.; = d.; and ty; = 64 have
zero deadweight loss. To calculate deadweight losses of other policies, we need to specify the

share of new vehicle purchases that would be electric under a default policy in which there

36The Department of Energy maintains a database of alternative fuels policies by state:
http://www.afdc.energy.gov/laws/matrix?sort_by=tech. A small number of states impose a special regis-
tration fee for electric vehicles. State policies change frequently. Our data accounts for policies in place on
January 1, 2015.

37See Supplementary Appendix H for more details.
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is no subsidy at all (or business as usual.) If the share would be 5%, we refer to this as the
5% BAU EV share case. Given a 5% BAU EV share, state-specific taxes have a deadweight
loss of $102 million per year, and uniform federal taxes has a deadweight loss of $273 million
per yearfig] This implies a gain from differentiation of $171 million (moving from federal to
state) and of $273 million (moving from federal to county). The middle and right columns
of Table 6a show differentiated policies in which there is only a single tax on one of the fuels.
The second-best single tax is smaller than the Pigovian tax, because consumers can avoid
taxation by substituting into the untaxed vehicle (see Supplementary Appendix I). For single
tax policies, the gains from differentiation are on the order of $150-$200 million. However,
the deadweight losses are large ($2 billion) particularly for taxes on electric miles only. The
last three rows of Table 6a show differentiated taxes based on native damages. The gains
from differentiation are small or even negative. These policies lead to large deadweight losses
($1-$1.5 billion), because taxes based on native damages are much too low.

Table 6b shows the deadweight losses for differentiated electric vehicle purchase subsidies.
Gains from differentiation are relatively small: on the order of $20-$40 million at 5% BAU
EV share. These gains are much smaller than the gains from differentiation of VMT taxes. In
addition to small gains from differentiation, deadweight losses from electric vehicle subsidies
are large: over $2 billion per year. Electric vehicle subsidies based on native damages have
similarly large deadweight losses and small gains from differentiation.

Finally, Table 6b shows the deadweight loss from the current federal policy of a $7500
subsidy on the purchase on an electric vehicle and the deadweight loss from the default no-
subsidy policy. The deadweight loss from the current federal subsidy is $6 billion per year
at 5% BAU EV share. This exceeds the deadweight loss from the no-subsidy policy by $3.7
billion per year. The BAU EV shares shown in the table represent plausible shares in the
near future and are appropriate for evaluating policy looking forward. To evaluate the recent
past, we calculate deadweight losses of the two policies for a BAU EV share of 0.375% which
is consistent with the actual 2014 electric vehicle market share of approximately 0.75% ]
The deadweight loss from the current federal subsidy is $2.2 Billion and the deadweight loss

38For context, annual vehicle sales are approximately 15 million in the United States.
39Li et al (2015) estimate that 50% of electric vehicle sales are due to the subsidy.
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from the no-subsidy policy is $2 Billion. Regardless of BAU EV share, the current federal
subsidy has larger deadweight loss than the no subsidy policy. And the welfare difference

between the two polices increases substantially as the BAU EV share increases.

4.4 Sensitivity analysis

Our analysis takes data from a number of different sources, uses estimated coefficients from
regressions in the electricity model and the AP2 model, and makes assumptions about critical
variables such as charging behavior and the effects of temperature on electric vehicle range.
Although there is uncertainty associated with each of these factors, we do not attempt to
assign standard errors to our results. Instead we perform a sensitivity analysis to see the
effects of various deviations from our baseline model 10

The first parameter that we explore in Table 7 is the social cost of carbon (SCC). Our
baseline value is $41. A higher value for the SCC leads to higher damage estimates for both
electric and gasoline vehicles, but the environmental benefit is not highly sensitive to the
assumed SCC.

Several of our assumptions affect only one type of vehicle. On the electric side, our base-
line calculation makes a temperature adjustment to account for the reduced performance of
electric vehicles in weather extremes and uses the EPRI charging profile. Table 7 shows that
our results are not sensitive to these choices. On the gasoline side, our baseline calculation
differentiates the MPG of gasoline vehicles by city and highway driving and assumes emis-
sions throughout the lifetime of the vehicle are the same as when new. Using an average
MPG instead leads to slightly lower gasoline vehicle damages. Doubling emissions rates for
local pollutants primarily affects the upper tail of the gasoline vehicle damages and hence
the upper tail of the environmental benefits.

Another set of assumptions relate to parameters in the AP2 model. In particular, in
the baseline case, AP2 uses a VSL of approximately $6 million. A lower VSL of about $2
million leads to lower damages for both electric and gasoline vehicles and hence a narrower
distribution for the environmental benefit. Another important parameter in AP2 is the dose-

response function that links PM, 5 exposure to adult mortality. We find that a higher dose

40 Additional sensitivity for the welfare analysis is in Supplementary Appendix H.
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response parameter leads to higher damages for both vehicles which widens the distribution
of environmental benefits.

The final sensitivity calculation examines changes to the electricity grid and the gasoline
vehicle fleet. Our baseline uses observed power plant emissions in 2010-2012 to estimate the
damages from electric vehicles. New air pollution and climate regulations on power plants
will likely lead to lower emissions in the future. For a rough estimate of these effects, we
model a power grid in which all of the coal-fired power plants are replaced with new gas-
fired power plants. This procedure implies that the replacement plants would be in the same
location and would be dispatched identically to the old coal-fired plantsfT] Turning to the
gasoline vehicle fleet, our baseline uses the gasoline Ford Focus as the comparison vehicle
to the electric Ford Focus. New regulations on gasoline vehicles will likely lead to lower
emissions in the future. For a rough estimate of these effects, we use the Toyota Prius as a
proxy for the vehicle of the future. The effect of these changes on the environmental benefit
of electric vehicles is given by the “Future grid & vehicle” row in Table 7. Damages from
both vehicles are lower, and damages from electric vehicles are much lower. However the
mean environmental benefit of 0.64 cents per mile implies an electric vehicle subsidy of $960,

which is still substantially less than current subsidies.

5 Extensions and caveats

5.1 Effects of CAFE standards

We have analyzed the environmental benefit of electric vehicles in isolation from other en-
vironmental regulations. In practice, other regulations may impact the electricity market
and/or the market for vehicles, and hence have an effect on the environmental benefit of
electric vehicles.

One important regulatory interaction is with the Corporate Average Fuel Economy

41 Modeling different plant locations and a new load curve is beyond the scope of the present analysis. Here
we scale the plant-specific coefficients for coal plants by a ratio. The numerator is the average emissions rate
for combined cycle gas turbine plants that started operating after 2007, namely their total emissions in 2010
over their total net generation that year. The denominator is a similar emissions rate for each coal plant in
our sample that is not a co-generation plant.
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(CAFE) standards. CAFE stipulates that the sales-weighted harmonic mean of MPG for
a given manufacturer’s fleet of vehicles must meet a certain requirement. Electric vehicles
are assigned a MPG equivalent for this calculation. These values are generally much larger
than any existing gasoline vehicle. Assuming that the CAFE requirement is initially bind-
ing, selling an electric vehicle enables manufacturers to meet a lower standard for the rest
of their fleet. Starting in 2017, this effect will be exacerbated, as the CAFE standards will
treat electric vehicles even more generously. An electric vehicle sale will receive a multiplier,
starting at two and then declining over time. When a manufacturer sells an electric vehicle,
it will get credit in the CAFE calculation as if it sold two electric vehicles. This will enable
the firm to decrease the fuel economy of the rest of its fleet even more while remaining in
compliance with CAFE.

We give a preliminary analysis of this interaction that is consistent with our model[?|
Let the CAFE-induced environmental cost of an electric vehicle be defined as the increase in
environmental damage from the rest of the fleet when an electric vehicle is sold. In Supple-
mentary Appendix J we show that the CAFE-induced environmental cost is the difference
in damages due to the substitution of a low MPG vehicle for a high MPG vehicle["] We
also show that the second-best subsidy on the purchase of an electric vehicle is decreased
by the amount of the CAFE-induced environmental cost. Applying our baseline values for
the Ford Focus, the CAFE-induced environmental cost under current CAFE standards is
$1439 per vehicle. The magnitude of this CAFE-induced environmental cost is significant
in comparison with even the largest second-best subsidy for an electric vehicle found in our

study ($3025, in California).

5.2 Caveats

There are several important caveats that affect the calculation and interpretation of our
environmental benefit of an electric vehicle due to decreased air pollution emissions.

First, it is important to stress that we have only considered the externalities from air

42A more thorough analysis would require a complete model of both supply and demand for the entire
new vehicle market and relax our assumption of constant prices.

43With respect to the 2017 CAFE standards, double counting the electric vehicle more than doubles its
CAFE-induced environmental cost.
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pollution emissions associated with driving the vehicles. There are several other externalities
associated with electric and gasoline vehicles. For example, there are pollution emissions
associated with manufacturing and disposing of both types of vehicles. There are emissions
associated with extracting oil, refining gasoline, and transporting the gasoline to the retail
stations. There are emissions associated with mining coal and natural gas and transporting
these resources to electric power plants. In addition to these “life-cycle” externalities, there
may be a geo-political externality from oil consumption. It is unlikely, however, that these
externalities have the same degree of heterogeneity found in air pollution emissions. So the
effect of including them would likely be a shift in the distribution of second-best subsidies but
not a significant change in the variance of this distribution. Moreover, previous research on
life-cycle externalities has shown that the differences between electric vehicles and gasoline
vehicles are relatively small (Michalek et al. 2011).

Second, electric vehicle subsidies may be justified due to innovation spillovers. If innova-
tion is a public good, then markets may provide too little innovation. Similarly, the inability
of firms to appropriate the full gains from innovation (e.g., consumers may also benefit)
may reduce innovation incentives. Our analysis cannot speak to the appropriateness of these
justifications for electric vehicle subsidies. However, it is worth noting that electric vehicle
subsidies are a “demand pull” innovation policy and hence are subject to all the limitations
of demand pull policies.

Third, an additional argument put forth in favor of electric vehicle subsidies involves the
dynamics of network externalities. Subsidizing electric vehicles today helps boost demand,
which in turn increases incentives to provide electric vehicle charging infrastructure[*] This
results in a larger network in the future, at which point electric vehicle adoption will pre-
sumably be more desirable due to a cleaner electric grid. This argument may indeed have
merit, but any such long-term benefits may be at least partially offset by the short-term
costs associated with current electric vehicle use. Our analysis provides the foundation for
an estimate of these costs.

Fourth, electric power plants may be subject to cap-and-trade emission permit markets.

4414 et al (2015) examine the relative effectiveness of the current policy with alternative policies aimed at
building out the charging network.
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EPA programs cap emissions of NOx and SO, and the Regional Greenhouse Gas Initiative
caps emissions of CO5 in the Northeast. In our model of the electricity market, we determine
the marginal increase in emissions due to an increase in electricity consumption. We do not
model the constraint that power plant emissions are capped. During the period of our
analysis, the permit prices in these markets were low, which suggests that the constraints
due to the cap were not severe["]

Finally, there are three important caveats to our calculation of the environmental benefit.
First, it is based on a simple snapshot of the electricity grid in the years 2010-2012. We
might expect the grid to become cleaner over time by integrating new lower-emission fuels
and technologies. Of course, gasoline vehicles may become cleaner over time as well. The
overall effect on the environmental benefit of electric vehicles will depend on the relative
rates of changes of these two factors. Table 7 makes a preliminary analysis of a future grid,
but it is important to stress that our estimates are based on the dispatch and emissions of the
electricity grid in 2010-2012. Second, we focus on the marginal emissions from an increase
in the demand for electric power due to electric vehicles charging. This is appropriate when
the electricity demand for electric vehicles is a small fraction of overall electricity use. The
effects of large scale adoption of electric vehicles would require analysis beyond the scope of
this paper. Third, our results depend critically on the AP2 model, so our analysis inherits

any of its limitations.

6 Conclusion

The Federal Government encourages the adoption of electric vehicles by providing a $7,500
subsidy for the purchase of an electric vehicle. Some states add to the federal subsidy with
their own financial inducements. These public sector interventions embody a conventional
wisdom that electric vehicles generate a range of benefits. Perhaps chief among these is a
reduction in environmental impacts relative to gasoline vehicles. Rather than simply ac-

cepting the assertion of environmental benefits from electric vehicle use, this paper conducts

45 A complete analysis of this issue would also require evaluating the increase in abatement costs to meet
the cap following the increase in emissions from electric vehicles.
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a rigorous comparison of the environmental consequences of gasoline and electric powered
vehicles, specifically by quantifying the externalities (both greenhouse gases and local air
pollution) generated by driving these vehicles.

On average, electric vehicles generate a negative environmental benefit of about -0.5 cents
per mile relative to comparable gasoline vehicles (-1.5 cents per mile for vehicles driven out-
side metropolitan areas). We find considerable variation around this central result; electric
vehicles used in Los Angeles, California produce a benefit of 3.3 cents per mile while those
used in Grand Forks, North Dakota, produce a cost of 3 cents per mile. One implication
of these findings is the dependence of policy orientation (whether a policy encourages or
discourages electric vehicle adoption) on the policymaker’s jurisdiction. Our distinction be-
tween full and native damages reveals another policy implication. In the vast majority of
states, when a consumer opts for an electric vehicle rather than a gasoline vehicle, they
reduce air pollution in their state. However, in all but twelve states, this purchase makes
society as a whole worse off because electric vehicles tend to export air pollution to other
states more than gasoline vehicles. Given this, we would not be surprised to see a prolifer-
ation of state-specific subsidies for electric vehicles. Hence there may be a need for federal
policy to account for exported damages.

Of course, given the heterogeneity in the magnitude and the sign of the environmental
benefit of an electric vehicle, differentiated policy is in fact appropriate, provided it accounts
for full damages, not just native damages. We find that differentiated taxes on miles driven
lead to greater welfare gains than differentiated subsidies on vehicle purchases. This is not
surprising, as economists have long recognized the superiority of putting a direct price on
externalities relative to other indirect corrective policies. Unfortunately, this insight does
not seem to have had much influence on policy, as political decision makers often implement
indirect policies instead. A consequence of this predilection is that multiple indirect policies
may target the same externalities, as is the case with CAFE standards and purchase subsidies
on electric vehicles. Our preliminary analysis suggests that the interaction of these policies
may have significant unintended consequences. It seems worthwhile to devote additional
study to this issue.

In summary, our findings generate critical questions as to the merits of the federal subsidy
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in the U.S. and may provide guidance to other governments considering interventions in the
electric vehicle market. We evaluate concerns regarding the sign, the magnitude, and the
one-size-fits-all nature of the subsidy. We find that both sign and magnitude of the federal
subsidy are significantly different from those indicated by our model. Differentiated policy
can lead to welfare improvements relative to one-size-fits all, but greater gains are realized by
using differentiated taxes on electric and gasoline miles rather than differentiated purchase
subsidies. As a general point, the paper argues that public policy evaluation is especially
important in contexts characterized by: economically significant outcomes with complicated
interactions among economic and physical systems, where stakeholders possess strong prior
beliefs among as to the merits of the policy. The federal subsidy of electric vehicles exhibits
each of these traits. Although we have focused on vehicles, there is a broader trend toward
electrification of a variety of forms of transportation. Our methodology, which combines
discrete-choice models, distributed electricity generation, and air pollution models, may

yield a useful template for further analysis of the environmental consequences of this trend.
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Appendix

Preliminary calculations. For the moment we drop the ¢ subscript. Let G = mg and F =
(1-m)e. For a generic policy variable p we have
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or _w(l-m) 0V, 9Ve
dp I dp  Op
Using this result we can derive the following

). (3)

0G  om 99  w(l-m) AV, V.,  dg

=g—+T=—=g + == 4

ap “op  0p It (3/) 8,0) dp @)
and OF 0 ) (1-m),0V, oV, B
m e m — T (&

— =—e—+(l-7)=—=-e I =Y+ (1-7)—. 5

o9 o ( )ap p (8/) ap) ( )8/) (5)

With these in hand we turn to the proof of the Propositions.

Proof of Propositz’on Throughout the proof we can drop the subscript . From the Envelope
Theorem, we have 88— 0 and 88‘25 = 1. The first-order condition for s comes from substituting
these expressions into (2) with p = s, setting the resulting expression equal to zero, and
simplifying. This gives

oG OFE\ OR
1-m)—|0g—= +0e—— =0.
(1=m) ( 795 0s ) s
Expected tax revenue is R = —s(1-7). So we have 2& = —(1-7) + s2. Substituting this into
the first-order condition and simplifying gives
on oG OFE
— |- |0y +b.—=]=0. 6
(883) (gé?s+ 88) (6)
So the optimal s is given by
5,28 15,08
s = 9 85 5 Js (7)
Bs
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From and , we have
oG @ g on 8_7r
as os' Jos Yas

and

9s  0Os
where the second equality in both equations follows from the fact that there are no income
effects, so gg and ae are equal to zero. Substituting these into the first-order condition for s
and simplifying glves

s = (049 — bce) .
]
Proof of Proposition [2
Let W(S) denote the weighted average of per capita welfare across regions as a function
of an arbitrary vector of subsidies S = (s1, S2,...,5,). We have

W(S) = > aiWi(si) = D i (p(In(exp(Vei/ i) + exp(Vyi/ i) + Ri = (045G + 0ei i) -

First consider the derivation of the second-best uniform subsidy. Here the central govern-
ment selects the same subsidy s for each location. Except for 0,4, de;, and «;, the locations
are identical, and the government is selecting the same subsidy for each location. Therefore,
the values for e;, g;, R; and m; will be same across locations. Under these conditions, the
derivative of W(S) with respect to s can be written as

oG 8E) 0.

Zaz Zaz( 9i o +5elas

It follows that
o

oG OF
8& - (E Zozﬁgi + g Zaiéei) =0

Solving for s gives the second-best uniform subsidy §

§= (% (Zal N + Y @b ) (8)

The equation in the Proposition for § now follows from the same manipulations used in the
proof of Proposition [I]

Next we want to determine a second-order Taylor series approximation to W(S) at the
point S = (3, 3, %?) does
not depend on s;, the cross-partial derivative terms will all be equal to zero. We have

ow om; ( 0G; GEZ-)
— o | 04

= 0S5 — + 56i
0s; 0s;

" 0s; " 0s;

Lom _ mi(l-m)  0G; _ mi(l-mg) OE; _ mi(1- 7Tz)
From , , and |D we have: it = S e T T Y and F* = e . Using
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these we can write the derivative as

il = Oéim(l - 7T¢) (_Si + 5gz'gz‘ - 5ei€i) .
dsi H

Now take the second derivative. We have

82W (673 7TZ'(]_—7TZ‘) 1 @W 7'('1'(]_—7'('1')
- (1= (1-27) (=85 + 00505 — 0o €)=ty —~—— =~ (127, —a '
8822 ,u2 7Tz( 7Tz)( 7Tz)( Si +0giGi ezez) o7} L ,U( 7Tz) &si o7} 1

Evaluating the first and second derivatives at S gives

5W Q; ~
= (1 - -5 e—
5o = (1= m) (G - G - ), Q)
and - 5
w 1 w Q;
—| =—=(1-27 ——7(1l-m). 10
57|, = G| e (10)

We have dropped the subscripts from g, e, and 7 because prices, income, and the functions
f and h are the same across locations, and, at the point S, the subsidy is the same across
locations. In addition, because the subsidy does not effect the number of miles driven, it
follows from Proposition |1} that s} = (049 — dc;e). Thus

ow
aSi

= Za(1-m)(s] - ). (11)
s M

Because the cross-partial derivatives are equal to zero, the second-order Taylor series
expansion of W at the point S can be written as

ow
&si

o 10w 3
g(si_s)+528—335(8i_8) :

W(S)-W(S) ~» >

We use this expansion to evaluate W(S*) - W(S). From and ((11) we have

W(S*) - W(S) » iﬂ(l -m) > ai(s] - 5)%+

1( 1 1
E (——27r(1 S (1= 20) Y a(st -8 - 2r(1-m) Y en(st - 5)2) .
2\ p 1

The formula for the second-order approximation follows by combining the quadratic (s} - 3)
terms. m
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Figure 1: Marginal Damages for Gas and Electric Cars by County
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Figure 2: Second-Best Electric Vehicle Subsidy by County
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Figure 3: Second-Best Electric Vehicle Subsidy by State (Full and Native Damages)
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Change in PM, ¢ Preliminary Fulton County:

Figure 4 Panel A
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Figure 4 Panel B: Change in PM, . : 1000 EV Focus in SERC Region
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Table 1: Mean damages in cents per mile by NERC electricity region for a 2014 Ford Focus electric
vehicle for different charging profiles.

Damages in cents per mile

VMT
Region EPRI Flat Hr1-4 Hr5-8 Hr9-12 Hr13-16 Hr17-20 Hr21-24 (pct)
California 0.69 0.75 0.65 0.78 0.78 0.84 0.82 0.64 12%
WECC w/o CA 1.03 0.92 1.18 0.98 0.84 0.76 0.73 0.99 10%
ERCOT 1.28 1.21 1.50 1.41 1.10 1.07 1.05 1.16 8%
FRCC 2.48 2.14 3.21 2.36 2.25 1.39 1.53 2.11 7%
SERC 2.75 2.68 2.76 2.26 2.73 2.97 2.64 2.72 24%
SPP 2.24 2.74 2.07 491 2.30 2.89 2.39 1.89 4%
NPCC 3.11 2.75 4.19 3.75 1.61 2.12 2.49 2.35 9%
RFC 3.65 3.56 3.44 3.39 3.85 3.07 3.44 4.17 22%
MRO 4.39 3.61 5.77 4.01 3.11 2.63 2.37 3.78 5%
Total 2.50 2.38 2.69 2.49 2.30 2.18 2.18 2.44 100%

Notes: The regions are listed by the damage per mile under the “Flat” charging profile. The “EPRI”
charging profile is illustrated in Appendix Figure 1. The flat charging profile assumes charging is equally
likely across hours. Other profiles assume charging occurs only in the indicated hours. Damages (in
cents per mile) are weighted across counties by passenger vehicle VMT. “WECC w/o CA” is the Western
US excluding California; “ERCOT” is Texas; “FRCC” is Florida; “SERC” is the Southeast; “SPP” is Kansas and
Oklahoma; “NPCC” is the Northeast; “RFC” is the Mid-Atlantic and Midwest; and “MRO” is the upper
Midwest including all of MISO. See http://www.nerc.com for a map of the regions.
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Table 2: Summary statistics of damages and environmental benefit in cents per mile for 2014 electric
vehicles and equivalent 2014 gasoline vehicles across counties

Electric Vehicle Gasoline Vehicle Environmental Benefit
Vehicle mean  min max mean  min max mean min max
Chevy Spark 2.20 0.59 4.17 1.81 1.05 4.42 -0.39 -3.05 3.20
Honda Fit 2.22 0.60 4.20 2.07 1.24 4.96 -0.15 -2.88 3.73
Fiat 500e 2.26 0.61 4.27 1.87 1.03 4.75 -0.39 -3.17 3.45
Nissan Leaf 2.30 0.62 4.35 1.31 0.81 3.60 -1.00 -3.44 2.29
Mitsubishi i-Miev 2.34 0.63 4.41 1.81 1.05 4.42 -0.53 -3.30 3.17
Smart fortwo 2.45 0.66 4.63 1.78 1.08 4.61 -0.67 -3.48 3.24
Ford Focus 2.50 0.67 4.72 2.00 1.13 4.47 -0.49 -3.53 3.31
Tesla S (60 kwWh) 2.72 0.73 5.15 2.64 1.41 5.68 -0.09 -3.65 4.48
Tesla S (85 kWh) 296 080 5.59 289 1.63 5.96 -0.07  -3.87 4.77
Toyota Rav4 3.45 0.93 6.52 2.25 1.32 5.18 -1.21 -5.11 3.66
BYD e6 4.20 1.13 7.94 225 132 5.18 -1.96  -6.52 3.45

Notes: Damages are from power plant emissions or tailpipe emissions of NOx, VOCs, PM2.5, SO2, and
CO2e. Electric vehicles assume the EPRI charging profile. Equivalent vehicles are defined as the
identical make where possible. The equivalent vehicle for the Nissan Leaf is the Toyota Prius; for the
Mitsubishi i-Miev is the Chevy Spark; for the Tesla Model S is the BMW 740 or 750; and for the BYD e6 is
the Toyota Rav4. Damages are in cents per mile and are weighted across counties by VMT.
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Table 3: Environmental benefit in cents per mile by Metropolitan Statistical Areas for a 2014 Ford Focus
(electric v. gasoline)

Environmental Damage Damage
benefit per VMT per mile per mile  Purchase

Metropolitan Statistical Area mile (pct) (gasoline) (electric)  Subsidy

Highest Benefit MSAs
Los Angeles, CA 3.31 2.88% 3.99 0.69 $4,958
Oakland, CA 2.35 0.80% 3.04 0.68 $3,531
San Jose, CA 2.26 0.57% 2.94 0.69 $3,388
San Francisco,CA 2.06 0.47% 2.74 0.68 $3,086
Santa Ana, CA 2.01 0.99% 2.68 0.67 $3,016

Other High VMT MSAs
San Diego, CA 1.99 1.03% 2.67 0.68 $2,986
Riverside, CA 1.31 1.41% 2.02 0.71 $1,972
Phoenix, AZ 0.89 1.11% 1.92 1.03 $1,328
Dallas, TX 0.76 1.91% 2.05 1.29 S1,144
Houston, TX 0.76 1.83% 2.16 1.40 $1,140
New York, NY 0.12 2.08% 3.30 3.17 5184
Tampa, FL -0.20 0.96% 2.27 2.47 -$305
Atlanta, GA -0.21 1.95% 2.52 2.73 -$314
Chicago, IL -0.60 1.20% 3.12 3.72 -$900
Washington DC-VA -0.72 1.81% 2.31 3.03 -$1,077

U.S. and Non-Urban

U.S. Average -0.49 100% 2.00 2.50 -$742
Non-urban -1.46 19% 1.30 2.77 -$2,193

Lowest Benefit MSAs
St. Cloud, MN -2.73 0.07% 1.76 4.49 -$4,094
Bismarck, ND -2.83 0.04% 1.67 4.49 -$4,240
Fargo, ND-MN -2.93 0.07% 1.69 4.61 -$4,388
Duluth, MN-WI -2.95 0.09% 1.62 4.56 -$4,418
Grand Forks, ND-MN -3.00 0.03% 1.66 4.66 -$4,495

Notes: The environmental benefit is the difference in damages between the gasoline-powered Ford
Focus and the electric Ford Focus. Environmental benefit is weighted by VMT by county within each
MSA. Non-urban includes all counties that are not part of an MSA. The vehicle subsidy assumes vehicle
is driven 150,000 miles.
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Table 4: Environmental benefit in cents per mile by state for a 2014 Ford Focus (electric v. gasoline)

Environmental Damage Damage

benefit per VMT per mile per mile  Purchase
State mile (pct) (gasoline) (electric) Subsidy
Highest Benefit
States
California 2.02 12% 2.71 0.69 $3,025
Utah 0.88 1% 1.92 1.04 $1,320
Colorado 0.75 2% 1.78 1.03 $1,123
Washington 0.74 1% 1.76 1.02 $1,108
Arizona 0.73 2% 1.75 1.02 $1,093
Other High VMT
States
Texas 0.52 9% 1.90 1.38 5784
Florida -0.55 7% 1.94 2.49 -$829
Georgia -0.64 4% 2.10 2.74 -$955
New York -0.75 5% 2.35 3.10 -$1,122
New Jersey -0.91 3% 2.70 3.61 -$1,367
Virginia -1.02 4% 1.87 2.89 -$1,532
Ohio -1.62 5% 2.02 3.65 -$2,437
Pennsylvania -1.65 3% 2.00 3.64 -$2,472
Indiana -1.70 3% 1.96 3.65 -$2,543
Michigan -1.81 3% 1.93 3.75 -$2,720
Lowest Benefit
States
South Dakota -2.52 0% 1.40 3.92 -$3,787
Minnesota -2.57 1% 1.57 4,14 -$3,856
Nebraska -2.63 2% 1.85 4.48 -$3,951
lowa -2.75 1% 1.49 4.24 -$4,118
North Dakota -3.18 0% 1.39 4.58 -$4,773
U.S. Average -0.49 100% 2.00 2.50 -$742

Notes: The environmental benefit is the difference in damages between the gasoline-powered Ford
Focus and the electric Ford Focus. Environmental benefit is weighted by gasoline-vehicle VMT within
each state. The vehicle subsidy assumes the vehicle is driven 150,000 miles.
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Table 5: Native damages in cents per mile by state and county and export percentages

Vehicle Damages mean med std. dev. min max
Electric All 2.50 2.74 1.11 0.67 4.72
Non-GHG 1.62 1.86 0.95 0.16 3.50

State 0.15 0.16 0.07 0.04 0.33

Export % 91% 91% 91%

County 0.02 0.02 0.01 0.00 0.06

Export % 99% 99% 98%

Gasoline All 2.00 1.91 0.60 1.13 4.47
Non-GHG 0.54 0.37 0.53 0.01 2.92

State 0.44 0.27 0.51 0.00 2.76

Export % 18% 27% 5%

County 0.23 0.11 0.38 0.00 2.03

Export % 57% 71% 30%

Environmental All -0.49 -0.81 1.34 -3.53 3.31
Benefit Non-GHG -1.08 -1.44 1.14 -3.43 2.28

State 0.29 0.12 0.51 -0.32 2.46

County 0.21 0.09 0.37 -0.06 2.00

Note: Damages in cents per mile. “All” reports damages from all pollutants at all receptors. “Non-GHG”
reports damages from local pollutants (i.e., excluding CO;) at all receptors. “State” reports damages
from local pollutants from receptors within the same state as the source. “County” reports damages
from local pollutants from receptors within the same county as the source. “State Export %” reports the
share of non-GHG damages which occur at receptors outside the state. “County Export %" reports the
share of non-GHG damages which occur at receptors outside the county. Electric damages assume the
EPRI charging profile. Damages are weighted by VMT.
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Table 6a: Deadweight losses of differentiated VMT taxes

Gas and Electric Tax Gas Tax Only Electric Tax Only
BAU EV Share BAU EV Share BAU EV Share

1% 5% 10% 1% 5% 10% 1% 5% 10%
County policies 0 0 0 192 863 1543 1958 1994 2042
State policies 90 102 118 281 962 1688 1960 2005 2064
Federal policy 163 273 415 336 1004 1830 1983 2121 2303
County (Native) 1158 1445 1808
State (Native) 1234 1531 1906

Federal (Native) 911 1034 1194

Table 6b: Deadweight losses of differentiated electric vehicle purchase subsidies

BAU EV Share

1% 5% 10%
County policies 1996 2182 2411
State policies 2000 2205 2458
Federal policy (-$742 subsidy) 2024 2324 2703
County policies (native damages) 2022 2315 2686
State policies (native damages) 2026 2333 2723
Federal policy (native damages, -$1553 subsidy) 2028 2344 2744
Current Federal Policy ($7500 subsidy) 2765 6009 10015
BAU Federal Policy (Zero subsidy) 2027 2343 2742

Notes: Deadweight loss in millions of dollars per year is based on 15 million annual vehicle sales
normalized to the emissions profile of the Ford Focus. The BAU EV Share is the proportion of electric
vehicles sold if there were no subsidy. This share is determined by the assumed value for 4 (10735.3,
16753.7, 22451.1) which is proportional to the standard deviation of the unobserved relative preference
shock. In Table 6a, federal taxes in the joint tax case are 2.0 cents per mile on gasoline miles and 2.5
cents per mile on electric miles.
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Table 7: Sensitivity analysis of damages and environmental benefit in cents per mile for 2014 electric
and gasoline Ford Focus

Electric Vehicle Gasoline Vehicle Environmental Benefit
mean min max mean min max mean min max
Baseline 250 067 4.72 200 1.13 4.47 049 -353 331
Carbon cost
SCC=$51 271 080 5.02 236 141 4.84 035 -355 3.56
SCC=$31 228 055 4.42 1.65 0.86 4.09 0.64 -350 3.06
Notemperature 5o 57 390 2,00 1.13 4.47 035 -2.74 3.32
adjustment
Flat charging 238 074 3.88 200 113 4.47 038 -2.69 3.4
profile
Average MPG 250 067 472 1.87 136 4.23 063 -330 3.02
Double gasoline o5 0 429 254 115 7.38 0.04 -3.48 5.75
emissions rates
$2 Million VSL 157 071 2.64 1.68 1.13  2.69 012 -1.49 1.78
PM dose 359 125 6.89 231 114 6.10 128 565  4.05
response
Future grid &
vehicle 066 037 1.39 131 081 3.60 064 -050 281

Notes: Damages are from power plant emissions or tailpipe emissions of NOx, VOCs, PM2.5, SO2, and
CO2e. Electric vehicles assume the EPRI charging profile. Damages are in cents per mile and are
weighted across counties by VMT.

Notes: “Carbon cost” uses a social cost of carbon of $51 or $31. “No temperature adjustment” assumes
electric vehicles have no range degradation at low temperatures. “Flat charging profile” assumes
electric vehicle charging occurs equally in all hours instead of following the estimated EPRI charging
profile. “Average MPG” uses the average MPG for gasoline vehicles instead of using the city MPG in
urban counties and the highway MPG in non-urban counties. “Double gasoline emissions rates” doubles
the gasoline vehicle emissions rates for local pollutants.“$2 Million VSL” assumes the VSL is $2 million
instead of the baseline $6 million. “PM dose response” assumes the higher PM2.5 adult-mortality dose-
response from Roman etal 2008 instead of the baseline dose response. “Future grid & vehicle” assumes
all coal-fired power plants are replaced by clean natural gas plants which are dispatched identically and
the gasoline vehicle is a Toyota Prius.
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