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Tax and Subsidy Combinations for the Control
of Car Pollution∗

Don Fullerton and Sarah E. West

Abstract

Despite technological advances, an individual car’s emissions still cannot be measured reli-
ably enough to impose a Pigovian tax. This paper explores alternative market incentives that could
be used instead. We solve for second-best combinations of uniform taxes on gasoline, engine size,
and vehicle age. For 1,261 individuals and cars in the 1994 Consumer Expenditure Survey, we
record the car’s model, year, and number of cylinders. We then seek a corresponding car in data
from the California Air Resources Board that shows the car’s engine size, fuel efficiency, and
emissions per mile. We calculate the welfare improvement from a zero-tax scenario to the ideal
Pigovian tax, and we find that 71 percent of that gain can be achieved by the second-best combi-
nation of taxes on gas, size, and vintage. A gas tax alone attains 62 percent of that gain. These
results are robust to variation in the elasticity of substitution among goods.
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Despite decades of progress in reducing air pollution, several major urban 
centers in the United States still have not reached mandated pollution reduction.  
Ten metropolitan areas are listed in the extreme or severe categories of ozone 
non-attainment.1  Vehicles are the source of much of this pollution: they 
contribute 33 percent of volatile organic compounds, 41 percent of oxides of 
nitrogen, and 67 percent of carbon monoxide emissions in the United States 
(USEPA, 1989).  In addition, light trucks are expected to be the “fastest growing 
source of global warming gases in the United States over the next decade” 
(Bradsher, 1997, p. A25).   

A tax per unit of emissions would induce all of the cheapest forms of 
pollution abatement (Pigou, 1932), but the technology is not yet available to 
measure each car’s emissions in a reliable and cost-effective manner.  On-board 
diagnostic equipment is too costly because millions of vehicles would need to be 
retrofitted (Harrington et al., 1994).  Remote sensing is inexpensive, but it cannot 
“distinguish unambiguously the car that is dirty on the average from the car that is 
clean on the average” (Sierra Research, 1994, p. 17).  Thus, several papers 
explore market incentives that could be used in place of such a tax.2  With 
homogeneous agents, these papers show that the efficiency of the emissions tax 
can be achieved by a set of uniform tax or subsidy rates on choices such as fuel 
use, type of fuel, engine size, vehicle age, and pollution control equipment (PCE).  
With heterogeneous agents, results are more complicated. 

In this paper, we develop both analytical and numerical models of 
heterogeneous agents who maximize different utility functions and thus make 
different choices about miles driven, engine size, and vehicle age – three 
important determinants of emissions.  First, we extend the analytical model of 
Fullerton and West (2002) to include all three of those choices, using general 
functional forms, and we find that the first-best requires that each individual pay a 
different rate of tax on each such choice.3  Assuming such rates are not feasible, 
then, uniform rates are second best, and their efficiency must depend on the 
degree of heterogeneity in the population.  That model provides no closed-form 
solutions for the second-best uniform tax rates. 

Second, therefore, we assign specific functional forms and use data on 
1,261 different consumers to estimate the parameters of a numerical version of 

                                                 
1 As of August 1999, an “extreme” rating was assigned to Los Angeles, and “severe” ratings were 
given to Baltimore, Chicago, Houston, Milwaukee, New York, Philadelphia, Sacramento, Ventura 
County, and the Southeast Desert Modified AQMA, CA.  Updates can be found on the EPA 
webpage at http://www.epa.gov/oar/oaqps/greenbk. 
2 For a few examples, see Mills and White (1978), Eskeland (1994), Eskeland and Devarajan 
(1996), Innes (1996), Kohn (1996), Harrington et al. (1998), Plaut (1998), and Sevigny (1998). 
3 A similar result for firms is found by Hoel (1998, p.90). 
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that model.  We simulate a no-tax baseline and the welfare gain from a first-best 
Pigovian tax.  We then simulate a variety of more-feasible tax combinations, 
finding the welfare-maximizing uniform tax rates on choices such as gasoline, 
engine size, and vehicle age.  Thus, we solve numerically for second-best tax 
rates.  Despite considerable heterogeneity in our model, some combinations of 
uniform taxes perform quite well.  We find that 71 percent of the gain from the 
Pigovian tax can be achieved by the combination of all three uniform tax rates.  A 
gas tax alone reaches 62 percent of the Pigovian gain.  These results are robust to 
changes in the elasticity of substitution among goods. 

To parameterize this numerical model, we start with data on gasoline and 
other expenditures from the 1994 Consumer Expenditure Survey (CEX), data that 
include each car’s make, model, year, and number of cylinders.  For each such 
car, we look for an exact match in data on cars tested by the California Air 
Resources Board (CARB) Light-Duty Surveillance Program (Series 13).  The 
combined data set is unique, as it includes each individual’s expenditures, miles 
driven, vehicle age, miles per gallon (MPG), emissions per mile (EPM), and 
engine size measured in cubic inches of displacement (CID).  We also use the 
CARB data to estimate  MPG  and  EPM  as nonlinear functions of engine size 
and vehicle age.  We then use those estimated functions in later simulations of 
alternative policies – when consumers change their choices of engine size and 
vehicle age – to determine changes in fuel efficiency and emissions rates.  
Consumers also change their choices of miles (m), so we can calculate the new 
emissions (m⋅EPM) as well as the new level of social welfare for each policy. 

Actual vehicle emissions depend not only on vehicle size and age, but on 
qualities of the fuel, maintenance of the car’s PCE, frequency of cold start-ups, 
temperature of the air, speed of the vehicle, and aggressive driving.4  Even 
tailpipe devices miss some emissions, especially evaporative emissions.  If a tax 
on actual emissions is not feasible, authorities might be able to measure the 
emissions rate of each vehicle once each year and multiply by miles driven during 
the year.  That policy might be difficult to enforce as well, if consumers can roll 
back their odometers.5  The basic problem is that neither  m  nor  EPM  is an 

                                                 
4  More volatile gasoline leads to more evaporative emissions.  The addition of oxygenates alters 
the stoichiometric air/fuel ratio.  Provided the carburetor setting is unchanged, this may reduce 
emissions of carbon monoxide (CO) and hydrocarbons (HC), but can also increase emissions of 
oxides of nitrogen (NOX).  For further discussion, see OECD (1995).  Because of cold start-up 
emissions, Burmich (1989) finds that a 5-mile trip has almost three times the emissions per mile as 
a 20-mile trip at the same speed.  Sierra Research (1994) finds that a car driven aggressively has a 
carbon monoxide emissions rate that is almost 20 times higher than when driven normally. 
5 As noted by Innes (1996, pp. 226-7), “Even if only a small proportion of consumers cheat in this 
way, those who cheat are likely to be those who drive the most, who therefore have the greatest 
incentive to cheat and who are arguably the most important targets of mileage taxation.” 
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observable market transaction.  In contrast, an excise tax can be collected by the 
retailer and verified by an invoice.  

In this paper, we have no data on driving speed, aggressive driving, cold 
start-ups, fuel characteristics, or PCE maintenance.6   Thus we treat  m⋅EPM  as 
the car’s “true” emissions, and we treat a tax on those emissions as the “ideal” 
Pigovian tax.  Still, our model allows us to use a variety of taxes or subsidies on 
observable choices such as gasoline, engine size, and vehicle age to induce 
individuals to drive fewer miles, to buy smaller cars, or to scrap older cars. 

Existing regulations are not explicit in our model, but they are implicit in 
our data.  That is, when we estimate the effect of vehicle age on the emissions 
rate, we are largely estimating the effect of increasingly-stringent emissions 
standards over time.  To the extent that these standards have made new cars more 
expensive, however, they may actually discourage the purchase of the newer, 
cleaner cars.   Those existing regulations are given, for our model, and so our 
calculated second-best subsidy to newer cars should be interpreted as a way to 
offset the extra expense of stricter mandates and thus to encourage the purchase of 
those cleaner vehicles.  

One advantage of this numerical model is that it can evaluate simpler 
methods of deriving the “best” policy combination.  One such method is to 
assume that all consumers are identical and therefore that all drive the same 
number of miles in cars of mean size and vintage.  Indeed, if consumers really 
were identical, then the first-best (individually-tailored) tax rates would turn out 
to be uniform tax rates on gas, engine size, and vehicle age.  We then ask how 
these rates perform in our model where consumers are not identical.  The answer 
depends upon the degree of nonlinearity in the estimated  EPM  and  MPG  
functions, and on the correlations between miles, size, and vehicle age.  We find 
that means-evaluated tax rates achieve only 61.5 percent of the Pigovian welfare 
gain, less than that achieved by the uniform gas tax alone.  
 Section I describes the analytical model and closed-form solutions for 
first-best tax rates.  All of the assumptions of that model are retained when 
Section II adds specific functional forms for the numerical model.  Section III 
describes the data and the derivation of parameters.  Section IV uses this model to 
calculate welfare-maximizing uniform tax rates on gasoline, engine size, and 
vehicle age.  It also compares welfare gains from using those second-best rates 
and from using means-evaluated tax rates.  Section V concludes. 
                                                 
6 Harrington et al. (1998) analyze maintenance incentive programs.  Fullerton and West (2002) 
show that if households do not gain utility from PCE or fuel cleanliness, then the optimal policy 
combination includes a subsidy of 100% of the costs of these goods.  In that case, computing 
optimal subsidies using household data would be a meaningless exercise.  Mandates might work 
better.  Using homogeneous consumers, Eskeland (1994) shows how the effects of the optimal 
Pigovian tax can be matched by the combination of a mandated emissions rate and a gas tax. 
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I.  The Analytical Model 
 
This simple economy consists of  n  heterogeneous individuals, each of whom 
owns one vehicle.  Some vehicle characteristics affect emissions (such as age and 
engine size) and other characteristics do not affect emissions (such as leather seats 
or a sunroof).  These individuals buy gasoline in order to drive miles, and they 
buy other goods.  In order to focus on consumer choices, we assume linear 
production with perfect competition, full information, and no market failures 
other than a negative externality from emissions.  Thus producer prices are fixed 
(and consumer prices vary with tax rates).  Tax revenue from individual  i  is 
returned to the same individual in a lump sum, which is part of the individual’s 
exogenous income,  yi .   

Individuals get utility from driving miles  mi, from vehicle attributes, and 
from other goods,  xi.  In addition, individual utility is affected by aggregate auto 
emissions,  E .  Thus: 
 

ExvsmuU iiiiii μ−= ),,,(              (1)  
  
where each  u  is continuous, differentiable, and strictly concave.  Because we are 
not concerned with differential benefits from environmental protection, we 
assume  μ  is the same for all consumers.  This  μ  is the change in utility from an 
additional unit of emissions (∂U/∂E).  The composite commodity  x  is numeraire 
and consists of all other goods purchased by the consumer, including vehicle 
attributes not associated with emissions.   
 The vehicle attributes  s  and  v  could be anything that affect both utility 
and emissions.  For concreteness, we define  s  as the size of the engine, in cubic 
inches of displacement (CID).  Individuals also get utility from having a newer 
car, and so we define vintage,  v, as a measure of “newness.”  Actual 
measurement of this variable is left for the numerical section below.  

Each individual’s emissions per mile depend on size and newness,  EPMi 
= EPM(si , vi ), and each individual generates  miEPM(si, vi ) of emissions.  
Aggregate pollution is thus : 
 

),( ii
i

i vsEPMmE ∑=               (2) 

 
As we find below, larger cars have higher emissions rates (EPMsi ≡ ∂EPMi/∂si > 
0), and newer cars have lower emissions rates (EPMvi < 0).  Also, fuel efficiency 
depends on the same two choice variables, so  MPGi = MPG(si ,vi).  Cars with 
larger engines tend to get lower gas mileage (MPGsi < 0), while newer cars tend to 
be more efficient (MPGvi > 0).  
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Consumers do not purchase  m  directly, but through the combination they 
choose of gasoline (g), size (s), and newness (v).  The demand for gasoline is 
related to desired  m  by:   
 

),( ii

i
i vsMPG

m
g =                (3) 

 
A.  Consumer Problem 

 
Consumers use equation (3) when they decide vehicle size and vintage and how 
much gasoline will maximize utility in equation (1) above.  However, the 
individual does not recognize that his or her own emissions add to aggregate 
emissions (E).  We include the possibility that the individual is taxed or 
subsidized on consumption of  g,  s,  v,  and  x.  We also consider an ideal tax on 
emissions,  tE.  The individual problem is to maximize (1) subject to a budget 
constraint: 
 

iiiEixivvissi
ii

gg
i mvsEPMtxtvtpstpm

vsMPG
tp

y ),()1()()(
),(

)(
+++++++⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
=        (4) 

 
The price per gallon of gasoline is  pg, the tax per gallon is  tg, and the consumer’s 
cost of gasoline in dollars per gallon is divided by miles per gallon to get a figure 
that is in dollars per mile.  Then  ps  and  ts  represent the price and tax for adding 
an additional cubic inch of displacement to an engine.  The price and tax per unit 
of newness are  pv  and  tv.  The actual implementation of such a tax is left for 
discussion below.  Finally, the price of  x  is normalized to one, and  tx  is the tax 
per unit of  x  (which turns out to be unnecessary).7  
 In this maximization,  λi  is the individual’s marginal utility of income (the 
multiplier on the budget constraint).  First order conditions and other derivations 
for this first-best model are shown in the Appendix.  
 
B.  Social Planner’s Problem 
 
The social planner maximizes a measure of social welfare such as a weighted sum 
of the individuals’ utilities.  To do this, we must specify weights.  For present 
purposes, we want weights that meet three criteria.  First, we want to abstract 
from the welfare effects of any pure redistribution and focus instead on comparing 
                                                 
7 A tax at the same rate on all expenditures (g, s, v, and  x) is equivalent to the lump sum tax on 
exogenous income  y,  so any one tax is unnecessary and can be set to zero. 
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the efficiency of various policies.  Therefore, we choose weights so that a dollar 
given to any individual has the same effect on social welfare.8  To achieve this 
condition, we divide each individual’s utility by his or her own marginal utility of 
income (λi).  Second, when  tE  is available, we want the maximization of welfare 
to yield the solution of Pigou (1932).  Since this solution is based on marginal 
conditions at the optimum, we use the values for  λi  that occur at the first-best 
social optimum (λi*).  Third, we want to be able to compare policies using the 
same welfare weights and to find uniform tax rates that maximize the same social 
welfare function.  Therefore we use prices at the Pigovian equilibrium to evaluate  
λi*,  and we use those  λi*  to get the weights  (1/λi*)  for all subsequent 
evaluations of other policies.  The result is a money-metric measure of social 
welfare. 
 The social planner does recognize how individual decisions affect 
aggregate emissions, in equation (2), and maximizes social welfare subject to a 
resource constraint (the sum of all consumers’ exogenous incomes).  The 
multiplier on this resource constraint is δ, the social marginal utility of income.  In 
the Appendix, we compare the first-order conditions from this problem with those 
from the consumers’ problem to derive the optimal emissions tax: 
 

MEDntE ≡=
δ
μ                          (5) 

 
This is the traditional Pigovian tax, equal to the sum of all individuals’ disutilities 
from emissions,  nμ,  translated into monetary terms when divided by  δ,  the 
social marginal utility of income.9  This tax is the aggregate monetary marginal 
environmental damages (MED). 
 This uniform emissions tax by itself induces all individuals, no matter 
their tastes for miles, size, and newness, to drive the optimal number of miles in 
cars of the right size and vintage.  However, we are interested in alternative 
polices that do not require the measurement of emissions.  In this model, the first 
best can also be achieved by an annual tax on vehicle  i  equal to  nμmiEPM(si,vi),  
but this tax depends on miles driven and thus requires tamper-proof odometers.10  

                                                 
8 This assumption abstracts from important issues, but it can be partially justified by Mayeres and 
Proost (1997).  They use an applied general equilibrium model that “demonstrates that the level of 
the externality tax does not depend strongly on distribution concerns, as reoptimization of the 
other taxes ensures that the income distribution objective is reached” (p. 261). 
9 Because our weights were chosen to equate the social value of a dollar in each use, at the 
optimum, the social marginal utility of income is one.  See the Appendix for a full explanation. 
10 See discussion in Mills and White (1978), Innes (1996), or Sevigny (1998). 
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Another policy that attains the first best is a gas tax that varies with the attributes 
of the vehicle at the pump (Fullerton and West, 2002).  If the rate  tg =  
nμEPM(si,vi)MPG(si,vi) is substituted into the maximization problem before 
differentiation, with all other tax rates equal to zero, then all first order conditions 
of the consumers match those of the social planner.  However, individuals might 
siphon gas from a low-emissions car to a high-emissions car. 

Given these enforcement problems, we assume here that the vehicle tax 
cannot depend upon miles, and the gas tax cannot vary with the vehicle at the 
pump.  As shown in our Appendix, the first best can still be achieved by a three-
part-instrument (3PI) that involves individual-specific tax or subsidy rates on 
gasoline, engine size, and newness.  These tax rates are: 
 

),(),( iiiigi vsMPGvsEPMnt μ=           (6a) 
 

),(
),(

ii

isiii
isisi vsMPG

mMPGvsEPMn
mEPMnt

μ
μ +=         (6b) 

 

),(
),(

ii

iviii
ivivi vsMPG

mMPGvsEPMn
mEPMnt

μ
μ +=         (6c) 

 
These rates do not vary with individual choices, but they must be set at a different 
rate for each individual based on that individual’s own optimal choices ( mi,  si  
and  vi).11  If individuals differ, information requirements are enormous.  If 
individuals were identical, however, then the use of mean miles and vehicle 
attributes in (6) would yield first-best uniform tax rates.  Thus the degree of 
heterogeneity determines the degree to which uniform rates based on using means 
in (6) will fall short of the first-best outcome.  We quantify this shortcoming, 
below. 

Some interpretations are in order.  Note that the gas tax in (6a) charged to 
individual  i  is the damage caused by an increase of one gallon used by that 
person.  The size tax in (6b) has two components.  The first term is the direct 
damage caused by one additional unit of size.  If EPMsi > 0, this term is positive.  
The second term is an indirect effect from adding size, through its effect on fuel 
efficiency.  As long as MPGsi < 0, this term is negative and is thus a rebate.  
Specifically, it rebates what individuals already pay for their extra size through 
the gas tax.   

                                                 
11 In other words, this individual maximization problem does not take derivatives of tax rates in 
(6) with respect to  m,  s,  or  v.  
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 The tax on newness (6c) is analogous to the size tax.  If  EPMvi < 0, then 
the first term is negative.  It represents the value of the reduction in emissions due 
to a slightly newer car.  The second term is the indirect effect from having a 
newer car through its effect on fuel efficiency.  As long as  MPGvi > 0, this term is 
positive.  It is the portion of the external benefit of newness that is already 
internalized by paying less gas tax.  
 
II. The Numerical Model 
  
We now prepare to calculate second-best tax rates in the model above, keeping all 
of its notation and assumptions.  In our data, if a household owns more than one 
vehicle, we assume that a different driver makes decisions regarding each vehicle 
type and miles driven.12  In other words, our unit of analysis is the individual.  
Each decision-maker maximizes his or her own utility subject to a budget.  We 
assume a Constant Elasticity of Substitution (CES) form for  ui: 
 

ExvsmU iiiiiiiiiii μγβαγβα
σ
σ

σ
σ

σσ
σ

σσ
σ

σσ
σ

σ −⎥
⎦

⎤
⎢
⎣

⎡
−−−+++=

−−−−− 111111111

)1(         (7) 

 
where  σ  is the elasticity of substitution among the four private goods.  For the 
special case where  σ   is one, this CES specification reduces to the Cobb-Douglas 
form.  While we still ignore differences in benefits of abatement (μ), we analyze 
heterogeneous driving choices and abatement costs by allowing the taste 
parameters  α , β , and  γ  to differ across individuals. 
 For numerical results below, we derive and use the CES demands from 
maximization of (7) subject to the budget constraint (4).  For a more intuitive 
exposition here, however, we show only the demands that result from using the 
Cobb-Douglas version of (7).  Even this simple form generates complex demand 
functions (subscripts for individual  i  are suppressed):13  
 

                                                 
12  We assume that one driver does not affect the decisions made by another driver in the same 
household.  Thus, we avoid making arbitrary assumptions about interdependence and economies 
of scale.  This assumption is partially justified by a finding in Sevigny (1998) that “suggests that 
the two-vehicle household is less likely to substitute between vehicles than previously expected.  It 
may be that these households typically have a dedicated driver for each vehicle …” (p. 35). 
13 The demand for  x  is  (1-α-β-γ)  times the same bracketed term in the numerator, over (1+tx). 
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This individual problem does not generate closed-form demands.  Instead, 

demands are highly nonlinear and interrelated.14  Each demand (8a) through (8c) 
has all quantities (m, s, v) on the right hand side, both in the numerator and in the 
denominator.    In particular, the effective price of a mile (the denominator of the 
demand for miles) depends on  s  and  v,  because  MPG  depends on  s  and  v.  
Similarly, the effective cost of more size in (8b) includes not only the direct 
outlay (ps+ ts) but also the cost of extra gas needed, given a number of miles  m,  
when using a larger car with lower  MPG.  The cost of an additional unit of  s  
also includes the cost of any extra emissions tax associated with it.  Finally, the 
cost of buying more newness,  v,  depends on how it affects  MPG  and on the 
intended number of miles,  m.  If newness increases  MPG  and lowers  EPM,  
then the last two terms in the denominator of (8c) reflect the lower gas costs and 
emissions taxes that must be paid.   

Just as the effective price of each good must be adjusted, so must each 
individual’s total expenditure – the amount in brackets in each numerator of (8).  
Total expenditure,  y,  is adjusted by the extra spending associated with the ways 
in which effective prices are adjusted (terms that account for the higher gas 
expenditures of a higher  s,  and the lower gas expenditures of a higher  v).  The 
last two terms account for the impact that  s  and  v  have on emissions taxes paid.  

                                                 
14 In the CES form, the denominator of each demand (8a-8c) includes a term involving all the 
goods’ prices, so the CES demands are even more nonlinear and interrelated. 
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Given these individual demand behaviors, we want to find a set of uniform 
tax or subsidy rates (tg, ts, tv)  that maximize social welfare.  Assuming producer 
prices are fixed, this is equivalent to maximizing the weighted sum of indirect 
utilities: 

 

∑ ⎥
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⎡
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ytttV
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Our programs iterate on various combinations of (tg, ts, tv)  until (9) is 

maximized (using a project Lagrangian algorithm called MINOS, a solver in 
GAMS).  In case only a subset of those three tax rates is feasible, we also find the 
second-best rates for each pair, and for each tax alone.  To rank these policies, we 
calculate the gain as a percentage of the gain from the first-best Pigovian tax.  We 
also explore the effects of varying the elasticity of substitution,  σ . 
 
III.  Data and Parameter Derivations 
  
To implement this model, we need data on individual expenditures, prices, and 
each vehicle’s size, newness, fuel efficiency, and emissions per mile.  The three 
main sources of data used in this study are the Consumer Expenditure Survey 
(CEX), the California Air Resources Board (CARB, 1997) Light-Duty 
Surveillance Program, and the American Chamber of Commerce Researchers’ 
Association (ACCRA, 1993 and 1994) cost-of-living index.  

The 1994 CEX is published annually by the Bureau of Labor Statistics 
(1996); it provides detailed information on the quarterly expenditures of 
approximately 5000 households.  Each household participates in the survey for 
five consecutive interview quarters.  All CEX observations include the amount 
spent on gasoline as well as total expenditures.  The 1994 survey also contains 
files with detailed information on each household’s vehicles.  Just a few of the 
variables included in the vehicle file are year, make, model, and number of 
cylinders.15  The CEX is a rotating panel survey, which means that 20 percent of 
the sample is rotated out, each quarter, and replaced by new households.  We pool 
households across the four quarters in the 1994 CEX and treat each observation as 

                                                 
15 In addition, the vehicle file lists each vehicle’s cumulative mileage.  In order to obtain a number 
for miles driven in a quarter, we originally planned to match households across quarters and 
subtract the previous quarter’s odometer reading from that of the current quarter.  When we did 
this, however, we discovered that most odometer readings are rounded estimates.  And, for some 
households, the current quarter’s odometer reading is less than that of the previous quarter.  Thus 
we elected to derive miles using data to be described shortly. 
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a different household (ignoring the correlation across consecutive observations of 
the same household).  

Between November 1995 and March 1997, the CARB tested the emissions 
per mile and fuel efficiency of 345 vehicles in California. They recorded numbers 
for emissions of hydrocarbons (HC), carbon monoxide (CO), and oxides of 
nitrogen (NOX).16  In addition, they compiled vehicle information such as make, 
model, year, number of cylinders, and cubic inches of displacement (CID).  We 
drop the three motor homes, and 342 vehicles remain. 

We then find vehicles in the CEX that match a CARB vehicle’s make, 
model, year, and number of cylinders.  This match enables us to use the CARB 
vehicle’s CID as well as  EPM  and  MPG  for any matching vehicle in the CEX.  
For single-car households in the CEX with complete expenditure and vehicle data, 
we obtain 567 usable matches.17  We also consider multi-car CEX households 
with complete expenditure and vehicle data and at least one car matching an 
observation in the CARB.  In very few of these cases do two or more cars of the 
same household match observations in the CARB.  Thus, in order to retain a 
reasonable number of cars from multi-car households, we undertake a few 
imputations.  For the remaining vehicles of those multi-car households, we use 
CARB data to estimate CID as a quadratic function of cylinders and newness, 
plus a dummy variable for trucks and vans.18  The final sample consists of 567 
vehicles from one-vehicle CEX households and 694 vehicles from multi-vehicle 
CEX households.19  The driver from a one-car household is assigned the total 
                                                 
16 The Light-Duty Vehicle Surveillance Program, Series 13, was part of ongoing efforts by the 
CARB to accumulate vehicle emissions data, to investigate vehicle maintenance practices, and to 
determine the frequency and effect of tampering with pollution control equipment.  To undertake 
this project, the CARB chose a random sample of all vehicles in California, and then sent requests 
to owners of such vehicles within a 25-mile radius of the CARB office in El Monte, California.  
The final sample includes only those who responded, however, so it is not necessarily 
representative of all California.  And since California standards were tougher than US standards 
from 1966 to 1993, our sample of cars is likely to be cleaner than US cars of that period.  US 
standards have moved towards the stricter California standards, however, so perhaps our 
California sample from 1994 reflects current cleanliness for the whole United States. 
17 We started with a larger number of matches, but 27 were not used because gas expenditures 
were zero.  One was not used because expenditure shares summed to more than one.  Some other 
matches were dropped because GAMS could not solve the household’s demand system due to the 
nonlinearity of the system in combination with that household’s particular parameters.  
18 The estimated regression used to impute displacement is (standard errors in parentheses): 
displacement = -101.75  +  35.88cylinders  +  2.68cylinders2  +  5.83newness  - .06newness2 

             (49.48)     (14.1)                    (1.07)                    (1.75)                (.03) 
-.74newness*cylinders + 26.08 truck/van dummy 
(.17)                                  (4.3)         #obs = 342     R2=.8753 
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expenditure for that household.  For a multi-car household, total expenditure is 
divided by the number of vehicles. 
  To establish a baseline, we need to assign prices to gasoline, size, and 
newness.  For gas prices, we use the ACCRA cost-of-living index.  This index 
compiles prices of many goods in about 300 cities in the United States, and it is 
often used to calculate the difference in the overall cost-of-living between any two 
cities.  It also lists average gasoline prices for each city in the survey each quarter.  
We average the city gas prices to obtain state gasoline prices for each calendar 
quarter.  We then assign a gas price to each CEX household based on state of 
residence and CEX quarter, and we divide gas expenditures by this price to get 
gallons of gas consumed.   
 In order to simulate a scenario with no pre-existing gas taxes, we need to 
know the 1994 gas tax rates.  The Federal gas tax was $.184 per gallon, and the 
average 1994 state gas tax was 19 cents per gallon (ORNL, 1996).   

Ohta and Griliches (1986) provide the information necessary to calculate 
the price per cubic inch of displacement (CID).  They use a hedonic semi-log 
regression of used car prices on car characteristics to obtain the estimate that an 
increase of one cubic inch of displacement increases price by .253%.20  To 
translate their estimate into dollars per cubic inch in 1994, we use the fact that the 
average price of a new car in 1994 was $19,676 (ORNL, 1996, p. 2-38).21 Thus 
the initial outlay per CID in 1994 is ($19,676)(0.00253) = $49.78.  The 1990 
vehicle model year average survival rate is 13.7 years (ORNL, 1996, p. 3-9).  To 
obtain a price per quarter for one CID, we find the amount that would be paid 
each quarter for 56 quarters with a present value of $50, assuming a 5% annual 
interest rate.  This price per CID is $1.23 per quarter.22 
 Newness is the counterpart of vehicle age.  An arbitrarily “old” vehicle 
does not depreciate any further, and newer vehicles depreciate more than older 
vehicles, so the individual’s “spending” on newness each year is the amount the 
                                                                                                                                     
19 Thus 45 percent of the vehicles in our final sample are from single-car CEX households and 55 
percent are from multi-car households.  Unfortunately, these percentages are not very close to 
those for the U.S. population: in the 1990 census, about a quarter of all vehicles are from single-
car households (ORNL, 1998: p. 10-8).  We are unable to use more multi-car households from the 
available data, but we test the importance of this issue below by performing calculations for 
single-car households separately from multi-car households. 
20 The t-statistic is  6.301.  They use a sample of used cars from model years 1970-1980.  This 
parameter is an estimate of the average implicit price for a marginal change in “size.”  We assume 
it is constant, though the price of the first cubic inch is likely to differ from the last. 
21 This average price is in 1994 dollars and includes prices of imported vehicles. 
22 This price per CID is affected by existing regulations such as the corporate average fuel 
economy (CAFE) standards and the gas-guzzler tax.  We assume that this price  ps  is fixed, when 
we try each tax  ts,  so we implicitly assume that these existing regulations are unchanged. 
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car falls in value.  We use the unit convention and assume that the price of 
newness is one.  Therefore the “quantity” of newness purchased in a given year is 
the amount it depreciates that year.  The exponential depreciation rate is assumed 
to be .20 per year.23  However, much of each vehicle’s value and depreciation 
pertains to leather seats or other features not related to emissions.  We want to use 
the same measure of emission-related newness for all vehicles, so we apply that 
depreciation rate to a base vehicle’s value, the average value for a new vehicle.  
The approximate average price of a new vehicle from 1960 to 1994 is $15,000, in 
1994 dollars, so we assume that every new car’s cost of newness is 
(.2)($15,000)=$3000 in the first year, or $750 per quarter (regardless of make or 
model).  While an owner of any 1994 vehicle consumes 750 units of newness per 
quarter, an owner of any 1980 vehicle consumes only 26.38 units of newness per 
quarter.24 

We used the CARB data to experiment with a variety of specifications for  
MPG(si , vi) and  EPM(si , vi).  For fuel efficiency, we settled on the quadratic 
form, which is simple yet nonlinear.  To ensure that estimates of  EPM  are 
positive, we use a semi-log specification.25  For our measure of  EPM, we use a 
weighted sum of the three pollutants in our sample: HC, CO, and NOX.  We 
weight each pollutant according to its contribution to MED; in accordance with 
Small and Kazimi (1995), we assign the highest weight to NOX (.495), followed 
by HC (.405) and CO (.10).26   Table 1 reports the results of these regressions.  

In the  MPG  regression, all coefficient estimates except the interaction 
term are statistically significant at the one-percent level.  In the EPM  regression, 
the coefficients on newness, newness-squared, and the constant term are 
significant at the one percent level.  The coefficient on CID is significant at the 
ten-percent level, but those on the square of CID and the interaction term are not 
significant.  

   
 
                                                 
23 Estimates of this rate range from .33 (Hulten and Wykoff, 1981; Jorgenson 1996) or .30 (Hulten 
and Wykoff, 1996) to .15, the rate implicit in the vehicle depreciation schedule currently used by 
the Bureau of Economic Analysis (authors’ calculations based on a depreciation schedule provided 
by Arnold Katz, BEA).  We use .20 because it falls between these bounds. 
24 This measure of newness misses heterogeneity both within and across model years.  With these 
data, however, we cannot know the extent to which expensive cars also have more expensive 
emission control equipment (or the specific depreciation rate for that equipment).  Also, clearly, 
the effect of newness on EPM depends on existing regulations, left unchanged. 
25  Estimates of  MPG obtained using the quadratic specification are positive for all simulated 
values of size and newness.  For EPM, however, use of that form results in some negative values. 
26  Small and Kazimi (1995) do not calculate a value of MED for CO, but they say it is small, so 
we use .10 for CO.  We then use their  MED  estimates for HC and NOX to assign those weights. 
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Table 1:  Regression Results for MPG(si ,vi ) and EPM(si ,vi )  
 

Dependent 
Variable 

 
Constant 

 
CID 

 
CID2 

 
Newness 

 
Newness2 

 
Newness 

×CID 
MPG 34.15 -.116 .000147 .0151 -.0000143 .0000007 

 (.986) (.0088) (.000018) (.00332) (.0000037) (.00001) 
ln (EPM) 1.101 .0040 -.0000044 -.00879 .0000078 -.000001 

 (.252) (.0023) (.0000045) (.000849) (.0000009) (.000003) 
Standard errors are in parentheses; the number of observations in each regression is 342.  
R-squared statistics are, respectively, .77 and .64, and F-stats are 221.8 and 116.6. 
  

These regressions provide several insights for the numerical model.  First, 
using the means of CID and newness to evaluate derivatives, these regression 
results show that fuel efficiency decreases with size (MPGs < 0) and increases 
with newness (MPGv > 0).  Second, emissions per mile increase with size (EPMs 
> 0) and decrease with newness (EPMv < 0).  Third, the coefficients on the 
squared variables indicate whether each function is concave or convex in each 
variable.  As shown in Fullerton and West (2002), heterogeneity means that 
welfare gains from second-best tax rates compared to means-evaluated rates 
depend on the nonlinearity of  MPG  and  EPM.  Results here show that both 
functions are nonlinear:  MPG  is convex in size and concave in newness, while  
EPM  is convex in newness.  

We use the estimated regressions to assign each vehicle with functions 
that provide  MPG  and  EPM,  not only for baseline values of  s  and  v ,  but also 
for simulated changes in those choices. 27  Then, to obtain baseline miles driven 
for each one-car household, we multiply  MPG  by gallons of gas consumed.  For 
each multi-car household, we need to allocate the one value for gas expenditure 
using miles driven and MPG of each vehicle.  We match each vehicle across CEX 
quarters and take the difference in quarterly odometer readings.  We keep vehicles 
from households for which we have at least two vehicles with positive miles 
driven that quarter, assuming that vehicles with missing or negative miles are not 
used by the household.  Then, we divide each miles number by the vehicle’s 
estimated  MPG  to get estimated gas consumption.  We divide each vehicle’s 
estimated gas consumption by the sum of all of the household’s vehicles’ 
estimated gas consumption to assign the proportion of gas used by each vehicle.  
                                                 
27 Three points about these regressions.  First, they could be estimated with more general forms 
such as using a dummy for light trucks or using dummies for each year, but the current forms have 
the advantage of providing continuous variables for size and age (in order to apply a tax to each).  
Second, remember that the 342 vehicles are probably not representative of all cars.  Third, we use 
the resulting  MPG  and  EPM  as if they are “true” values, though they are estimated with error.  
We use many other parameters for which standard errors are not available, so it is not possible to 
use all of the errors on all parameters to calculate errors on our simulated results. 

14

The B.E. Journal of Economic Analysis & Policy, Vol. 10 [2010], Iss. 1 (Advances), Art. 8

http://www.bepress.com/bejeap/vol10/iss1/art8



 

Finally, we use these proportions to allocate the total gas consumption for that 
household.  Each car’s gas use is multiplied by that car’s  MPG  to get miles 
driven. 

To assign preference parameters for each individual’s utility function, we 
use calibration from observed demands and assigned prices.  For any assumed 
value of  σ , we use the CES demand corresponding to (8a) to solve backwards 
for the value of αi  that the individual must have had, while facing existing prices 
and taxes, to optimize by choosing the observed number of miles.  Similarly, we 
use CES demands corresponding to (8b) and (8c) to solve for the  βi  and  γi  that 
an individual must have had to optimize by choosing the observed size and 
newness.   

Lastly, we need a number for marginal environmental damages,  MED.  
The literature includes many diverse estimates of the MED per unit of car 
pollution,28 but methodological issues preclude consensus.  Moreover,  MED  for 
any given location may be very high or low in a way that depends on population 
density.  We wish to avoid choosing among diverse estimates in the literature, and 
we wish to avoid limiting our model to one locale.  Therefore we simply choose a 
value for  MED  that would result in an optimal gasoline tax close to that which 
already exists.  We find that if  MED is $.0076 per gram (and  σ = 1), then the 
second-best optimal gas tax is about 30 cents per gallon.29  In this way, we avoid 
discussion of the proper level of environmental protection, and instead focus on 
the proper mix of instruments. 

Table 2 presents the means of parameter values calibrated at existing tax 
rates, when  σ = 1, and it presents the means of choice variables in the zero-tax 
scenario. 

When σ = 1, the CES parameters are expenditure shares.  The mean 
parameter for miles, 3 percent, matches the mean gas expenditure in the 1994 
CEX.  The sum of the mean car-related parameters ( αi + βi + γi )  is 0.14, so the 
average driver allocates 14 percent of expenditure to gasoline, size, and newness.  
Since this figure excludes non-emission-related expenditures (such as a sunroof or 
leather seats), it corresponds well to that of the average CEX household, which 
spends 19 percent of its income on total car expenses (including gasoline, vehicle 
purchases, maintenance, and other charges).  The average vehicle in the 1994 

                                                 
28 See for example Krupnick and Kopp (1988), Small and Kazimi (1995), or Wijetilleke and 
Karunaratne (1995).  For estimates of other external costs of driving, including noise, congestion, 
and accident costs, see Greene et al. (1997). 
29 We assume that the individuals in our sample live and drive in an airshed with perfect mixing.  
If everyone in the airshed is equally affected by pollution, then the individual’s  μ  would equal the 
MED for the entire airshed divided by population.  For the purposes of this paper, we assign a 
value of  MED/1261 to get  μ  for each individual in our welfare calculations.    
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sample is a 1988 model year, six-cylinder vehicle, driven 14,743 miles per year.  
On the national level in 1994, the average car was also a 1988 model year, driven 
11,400 miles per year (ORNL, 1996, p. 3-11).  

 
Table 2: Parameter and Variable Descriptions and Means (n=1261, σ =1) 

Parameters        Description Mean  

Y Total quarterly expenditure (from CEX data) 5011.37 
αi Miles parameter (derived from equation 8a) .03 
βi Cubic inches of displacement parameter (from 8b) .07 
γi 

(1-αi-βi-γi) 
Newness parameter (from 8c) 
Composite commodity parameter 

.04 

.86 
MED Marginal environmental damages ($/gram) .0076 

pg Price of gas after removing pre-existing taxes ($/gallon) .72 
ps Price per cubic inch of displacement per quarter ($/CID) 1.23 
pv Price of newness per quarter ($/unit) 1.00 
px Price per unit composite commodity ($/unit) 1.00 

Variables   
mi Miles per quarter 3685.8 
si Cubic inches of displacement 166.45 
vi 
xi 

Newness (depreciation per quarter) 
Composite commodity (all other goods) 

181.39 

4455.5 
gi Gallons of gasoline per quarter 169.63 

MPG(si,vi) Miles per gallon 21.74 
EPM(si,vi) Emissions per mile (in grams) 2.04 

 
 
IV.  Simulation Results 
 
A. Eight Scenarios 

 
We use the data set just described to simulate eight different tax scenarios and a 
baseline.  To obtain the baseline, we remove the pre-existing federal and state gas 
taxes and solve the model.  The eight scenarios include the ideal Pigovian tax, the 
combination of all three taxes (on gas, size, newness), each pair of tax rates (with 
the third set to zero), and each tax rate alone.  In each case, since government can 
levy lump-sum taxes and faces no revenue requirement, we take each individual’s 
tax paid and add it back to that individual’s exogenous income.  In this way,we 
can examine income-neutral tax effects and focus primarily on substitution 
effects.    

 For each of the eight scenarios, we use the numerical model to find the 
allowable tax rates, positive or negative, that maximize welfare (given individual 
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demands).  Our theory predicts that the optimal Pigovian tax will be equal to  
MED, which we have specified to be .0076, and we use this fact to test that our 
model correctly implements the underlying theory.  For the seven remaining 
scenarios, we set  tE = 0 and solve for second-best combinations of uniform tax 
rates.  Because the gas tax reduces miles most directly, we expect combinations 
that involve a gas tax to dominate those without. 

Table 3 shows results for the Cobb-Douglas specification (where  σ =1).  
For each policy, it lists the percentage improvement relative to the zero-tax 
scenario, and the welfare gain as a percent of the gain achieved by the Pigovian 
tax.30 
 
Table 3:  Simulation Results (n=1261,  σ = 1) 

 
Scenario 

 
tE 

 
tg 

 
ts 

 
tv 

 
Welfare 

% Gain 
from 

Zero-Tax 

% of   
Pigovian  
Tax Gain 

Pigovian Tax .0076 0 0 0 6286201.7 .2511 100.00 
Three-part 0 .267 -.007 -.107 6281712.3 .1795 71.49 
Two-part #1 0 .268 0 -.107 6281706.3 .1794 71.45 
Two-part #2 0 .291 -.004 0 6280270.1 .1565    62.33 
Gas tax 0 .291 0 0 6280267.7 .1565 62.31 
Two-part #3 0 0 -.023 -.148 6273598.2 .0501 19.96 
New subsidy 0 0 0 -.148 6273543.3 .0493 19.61 
Size subsidy 0 0 -.020 0 6270501.3 .0007 .29 
Zero taxes 0 0 0 0 6270455.4 0 0 

 
 In accordance with Pigovian tax theory, our simulation program finds that  
tE = .0076 improves welfare to the greatest extent.  The optimal three-part 
instrument includes a 27 cent tax per gallon of gasoline, a 0.7 cent subsidy per 
cubic inch of displacement per quarter, and a 10.7 cent subsidy to newness per 
quarter.  The fact that the size tax is negative emphasizes the importance of 
reducing miles driven.  A subsidy to size increases engine size, which has a small 
positive effect on emissions per mile (EPMs > 0) but a larger negative effect on 
fuel efficiency  (MPGs < 0).  It thus raises the overall price per mile, and reduces 
miles driven.  In other words, a small subsidy to size has a net negative effect on 
emissions through the decrease in miles driven.  Despite the heterogeneity of the 
consumers in our model, the three-part instrument performs adequately well.  
These subsidies and tax, even at the same rate for all consumers, can attain 
approximately 71% of the gain in social welfare achieved by a Pigovian tax. 

                                                 
30 Since we weight individual utility by  1/λi* , the change in money-metric social welfare is 
analogous to a compensating variation.  The answers are in dollars of the Pigovian equilibrium. 
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Before discussing the other scenarios in Table 3, we look at quantity 
changes associated with the Pigovian tax and three-part instrument.  Table 4 
shows the means of miles, size and newness, for each scenario, and the percentage 
emissions reduction.  It shows that emissions are cut by 42.7% with the Pigovian 
tax, and by 32.1% with the three-part instrument.  In the first two rows of this 
table, however, note that the Pigovian tax allows more average miles driven and 
more engine size.  How then does it achieve more emissions reduction?  The 
answer is that the emissions tax optimally induces the most miles reduction where 
it matters most (such as for those with dirty cars) and it optimally affects engine 
size where it matters most (such as for those who drive many miles).  Thus the 
average miles and size do not need to fall as much to achieve greater emissions 
reduction.  In contrast, the uniform tax rates are somewhat blunt instruments, 
providing the same incentives to all drivers.  This result points out the importance 
of heterogeneity for the efficiency of the Pigovian solution. 
 
Table 4: Variable Means and Percent Emissions Reduction for each Scenario 

 
Scenario 
 

 
Miles 

 
Size 

(CID) 

 
Newness 

 
% 

Emissions 
Reduction 

% of 
Pigovian Tax 

Emissions 
Reduction 

Pigovian tax 2850.0 169.22 204.00 42.70 100.00 
Three-part 2692.9 168.36 202.68 32.12 75.22 
Two-part #1:  tg, tv 2697.5 167.41 202.68 32.11 75.20 
Two-part #2:  tg, ts 2627.1 168.60 182.18 28.79 67.42 
Gas tax 2629.9 168.01 182.84 28.79 67.42 
Two-part #3: ts, tv 3670.1 168.90 210.01 9.80 22.95 
Newness subsidy 3696.7 165.74 210.01 9.65 22.60 
Size subsidy 3675.5 167.66 181.35 0.06 0.14 
Zero taxes 3685.8 166.45 181.39 - - 

 
We now turn back to Table 3 to look at the other scenarios.  Because the 

size subsidy is so small, a two-part instrument involving a 27 cent gas tax and 
10.7 cent subsidy to newness (Two-Part #1) attains nearly the same welfare gain 
as the three-part instrument.  The gas tax and size subsidy (Two-Part #2) attains 
62% of the maximum gain.  A 29 cent gas tax alone also achieves about 62% of 
the gain from the ideal Pigovian tax.  This gas tax alone dominates the 
combination of subsidies to size and newness, which emphasizes that miles 
reduction is the most direct way to cut emissions.  Without a gas tax, the optimal 
newness subsidy becomes more negative, assuming more of the burden of 
reducing emissions.   
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B. Discussion 
 
How big is the absolute size of these gains? Our money metric measure of welfare 
gain from the Pigovian tax is $12.49 per individual per quarter.  The gain over all 
individuals is 0.25% of the sum of individual income in the sample.31  Both the 
three-part and the first two-part instrument induce a welfare gain of about $8.92 
per individual, or a total over all individuals of 0.18% of the sum of individual 
income.  

The added gain from the ideal Pigovian tax is the difference ($3.57, or 
0.07% of income).  Thus, if the additional administrative costs of implementing a 
Pigovian tax are greater than 0.07% of the sum of all affected individuals’ 
incomes, then the three-part and first two-part instrument may dominate the 
Pigovian tax.  However, the distributional effects of the Pigovian tax and these 
other combinations may differ.  The impacts of alternative tax scenarios may 
differ even further if household composition is taken into consideration.  In 
addition, we assumed that our EPM(si,vi) and MPG(si, vi) functions generated the 
true emissions and fuel efficiencies of each car in the sample.  Any error would 
change the relative gains from these instruments. 

Under our assumptions, a gas tax of 29 cents per gallon yields 62% of the 
Pigovian tax improvement.  Whether the government should elect to impose just a 
gas tax depends on the ease with which it could implement a newness subsidy.  
Such a subsidy could be paid to all vehicle owners each year, based on newness, 
or only upon the purchase of a brand-new vehicle.32  Aternatively, it could be 
implicitly assessed in an “accelerated vehicle retirement program” that buys up 
old vehicles, as examined in Alberini et al. (1995).33  

Another alternative is the gas tax and size subsidy combination.  A 
positive size tax is already incorporated into the U.S. gas guzzler tax that 
consumers must pay when purchasing an automobile that has an EPA fuel 

                                                 
31 This 0.25% welfare gain seems a small percentage, but note that the denominator is all of 
income.  It is analogous to the area of a Harberger triangle from correcting this market distortion, 
and so we note that the magnitude is comparable to the often-cited Harberger (1966) finding that 
the welfare gain from wholesale reforms of corporate taxation is 0.5% of income. 
32 Our model assumes that the supply of vehicles of any size or newness is perfectly elastic (as for 
a small open economy, or one jurisdiction within a larger economy).  At the other extreme, if the 
supply of vehicles is fixed, a newness subsidy might simply provide a capital gain for new vehicle 
owners and not affect emissions.  In a closed economy with an elastic supply of brand-new 
vehicles, however, a subsidy to brand-new vehicles can eventually increase the numbers of all 
low-age cars.  An appropriate extension to this paper would be to model the used car market. 
33 If such a program buys up a set of old vehicles, then we might expect those former owners to 
buy other cars that are not quite as old, shifting all drivers to somewhat newer cars (just as would 
the newness subsidy in our model). 
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economy rating of less than 22.6 MPG.34  These gas guzzler tax schedules could 
be modified to reflect externalities from pollution:  instead of indirectly taxing 
size through low MPG, this tax could be made to depend on emission rates. 35  
 
C.  Sensitivity Analysis 
 
The relative welfare gains discussed in the previous section result from 
simulations using our baseline assumptions.  In this section, we evaluate the 
robustness of those results by doing the same simulations under alternative 
assumptions.  First, our basic model above employs all available CEX data from 
households that had at least one car that matched the CARB data.  However, these 
1261 cars did not include a representative number of multi-car households.  To 
see how much difference this makes, we now run all simulations for just the 567 
single-car households.  The gain from the three-part instrument (and first two-part 
instrument) are now 67 percent of the Pigovian gain instead of 71 percent.  None 
of the other results differ by more than 5 percentage points, and all eight tax 
combinations are ranked in the same order.  Thus we conclude that the additional 
multi-car households do not make a big difference. 
 Second, we used an arbitrary value for marginal environmental damages 
(MED) in order to avoid choosing among diverse estimates in the literature and to 
avoid choosing a particular geographic location.  We now vary the MED, and we 
find that all second-best optimal tax rates vary in almost the same proportion.  
That is, doubling the MED essentially doubles all second-best tax rates.36  Thus, 
for any given estimate of damages, our results can be used to help set the mix of 
second-best instruments such as uniform taxes on gas or vehicle characteristics. 

Third, our basic model uses an elasticity of substitution among goods,  σ , 
equal to one.  We now undertake the same simulations using a lower value of  σ  
(.5), and a higher value (1.5).  Relative welfare gains using all three values are 
listed in Table 5.  

                                                 
34 For example, a tax of $1,000 is assessed on all automobiles whose fuel economy is between 22 
and 22.5 MPG.  This existing tax increases in a nonlinear fashion and reaches a maximum of 
$7,700 for a vehicle with fuel efficiency rating under 12.5 MPG.  In 1996, the Federal government 
collected only $53 million in gas guzzler taxes (ORNL, 1998, p. 6-15, 6-16). 
35 Indeed, if both  s  and  v  are observable, then authorities can impose a vehicle tax that is a 
nonlinear function of  s  and  v.  This tax could reflect the  EPM(s,v)  function.  Use of this 
nonlinear vehicle tax schedule (together with a uniform gas tax) could generate a welfare gain that 
is a greater percentage of the Pigovian gain.   
36 When  MED = .0038, second-best tax rates are  tg =.140,  ts = -.006, and  tv = -.066, with a 
welfare gain equal to 67 percent of the Pigovian gain.  Thus, in Table 3, a doubling of MED to 
.0076 yields  tg =.267,  ts = -.007, and  tv = -.107 (and gain equal to 71 percent of Pigovian gain). 
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Note two characteristics of these results.  First, relative to the zero-tax 
scenario, the gains in welfare from all policies increase with  σ.  As individuals 
are allowed to substitute more easily among goods, all policies reduce emissions 
at a lower cost.  Second, the welfare gains from the alternative policies relative to 
the Pigovian gain also increase with the elasticity of substitution. But the rankings 
of the policies are identical for all values of  σ.  So, while welfare gains are 
sensitive to the elasticity of substitution, the choice among instruments is not.37  
 
Table 5:  Sensitivity Analysis 

 σ = .5 σ = 1.0 (from Table 3) σ = 1.5 

 
Scenario 

% Gain 
from 

Zero-tax 

% of 
Pigovian 

Gain 

% Gain 
from 

Zero-tax 

% of 
Pigovian 

Gain 

% Gain 
from 

Zero-tax 

% of 
Pigovian 

Gain 
Pigovian Tax .1185 100 .2511 100 .4409 100 

Three-part  .0802 67.70 .1795 71.49 .3211 73.05 

Two-part #1:  tg, tv .0800 67.49 .1794 71.45 .3153 71.49 

Two-part #2:  tg, ts .0694 58.54 .1565   62.33 .2780 63.05 

Gas tax .0692 58.40 .1565 62.31 .2773 62.90 

Two-part #3:  ts, tv .0189 15.93 .0501 19.96 .1075 24.38 

Newness subsidy .0189 15.90 .0493 19.61 .1036 23.49 

Size subsidy .0001 .11 .0007 .29 .0038 .86 

Zero-taxes 0 0 0 0 0 0 

 
D. The Advantages of Incorporating Heterogeneity 
  
We undertook the simulations described above in order to incorporate 
heterogeneity into our optimal tax problem.  But how much does heterogeneity 
matter?  Before showing numerical magnitudes, we first describe logically how 
heterogeneity impacts optimal taxes thorough the concavity or convexity of the  
                                                 
37 For each value of  σ,  we use our model to vary each price slightly and calculate demand 
elasticities.  When  σ  rises from 0.5 to 1.0, the absolute value of the gasoline demand elasticity 
rises from 0.49 to 0.96.  In general, own-price elasticities are proportional to  σ,  while cross-price 
elasticities remain very small (absolute values less than 0.04).  Most empirical studies reviewed by 
Dahl and Sterner (1991) or Espey (1996) find gasoline demand elasticities around 0.5 or less, but 
Sevigny (1998) finds it to be 0.85 to 0.94.  In any case, Table 5 shows that  σ  does not much 
affect the percent of the Pigovian gain, or the ranking of policies. 
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EPM  or  MPG  functions, or though the correlation among miles, size and 
newness.  These nonlinearities or correlations render the use of means-evaluated 
tax rates sub-optimal and increase the usefulness of computational models.  Table 
6 summarizes the types of nonlinearities that we found when we estimated the  
MPG  and  EPM  functions. 
 
Table 6:  Nonlinearity of  MPG  and  EPM   

 Argument 
Function s v 

MPG convex concave 
EPM -- convex 

 
Consider equation (6a), which says that the first-best individual-specific 

gas tax rate is  tgi = nμEPM(si,vi)MPG(si,vi).  The fact that fuel efficiency is 
convex in size increases the weighted average of  MPG(si,vi) relative to MPG 
evaluated at mean size and newness, and thus increases the gas tax rate under 
heterogeneity relative to the rate in (6a) evaluated at the observed means.  
However, since fuel efficiency is also concave in newness, the second-best gas tax 
rate under heterogeneity is decreased relative to (6a) evaluated at the means.  The 
fact that emissions per mile is convex in newness increases the weighted average 
of  EPM(si,vi)  relative to  EPM  at the means, and thus increases the gas tax rate 
under heterogeneity relative to (6a) at the means.  Similar effects operate on the 
tax rates for size and newness in equations (6b) and (6c). 
 
Table 7: Correlation Matrix for Observed Values 

 Miles CID Newness 
Miles 1.0000   
CID -.2737 1.0000  

Newness .1716 -.1186 1.0000 
 

These tax rates are further affected by any correlation among miles, size, 
and newness. Table 7 shows the estimated correlations – all significantly different 
from zero.  The table shows that individuals who drive more miles tend to have 
smaller cars and newer cars.  Indeed, large engines tend to come on older cars.  
The fact that  s  and  v  are negatively correlated affects the average  MPG(si,vi) or 
EPM(si,vi)  relative to the values at mean size and newness.  It thus affects each 
tax rate under heterogeneity relative to the rate in (6) evaluated at the observed 
means.  We cannot predict the net effects of these correlations on the second-best 
uniform tax rates.  
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Table 8:  Means-Evaluated Rates and Second-Best Rates  

Tax Rate Value at Means 
(from Eq. 6) 

Second Best Rates 
(from Table 3) 

tg .208 .267 
ts -.029 -.007 
tv -.204 -.107 

 
What are the net effects of these various forces?  Table 8 shows that all 

second-best tax rates are higher than the rates evaluated at the means.  The rate on 
gasoline is more positive, and the other two rates are less negative.  If 
policymakers ignore heterogeneity and assume that everybody drives the same 
kind of car the same number of miles, then they would set the tax rates too low 
(relative to the second-best rates).  They would also achieve less welfare gain.  
The use of rates from (6) evaluated at observed means obtains 61.5 percent of the 
Pigovian gain, compared with 71.5 percent under the second-best optimal three-
part instrument.   
 
V.  Conclusions 
 
In this paper, we solve for a variety of combinations of second-best uniform taxes 
on gasoline, engine size, and vehicle age using data from the 1994 Consumer 
Expenditure Survey, the California Air Resources Board, and the ACCRA Cost of 
Living Indexes.  We thus combine information on 1261 individuals’ expenditures 
with other information on vehicle characteristics including engine size, vintage, 
fuel efficiency, and emissions per mile. 

We use engine size and vehicle age as the main determinants of emissions 
per mile, while gasoline demand and fuel efficiency determine miles driven.  We 
then calculate second-best optimal tax or subsidy rates for eight different policy 
combinations.  However, we have excluded other individual choices that impact 
vehicle emissions, such as the choice of pollution-control equipment and its 
maintenance, fuel cleanliness, the frequency of cold-start-ups, and driving 
aggressiveness.  If data on individuals’ choices for these activities become 
available, we could expand this numerical model to include them.  Then, to affect 
emissions without a direct tax on emissions, the model would require a tax or 
subsidy to each of these additional choices.   

We also ignore the interdependencies in a multi-car household’s choice of 
miles for each vehicle.  In our model, a gas tax causes all drivers in the household 
to drive fewer miles.  In general, however, a gas tax may cause a household to 
drive fewer miles in their old gas-guzzler and  more  miles in their newer, more 
fuel-efficient car.  Allowing for substitution among vehicles within the household 
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might enable the same emissions reduction to occur at a lower cost to the 
household, and welfare gains of our simulated policies might be higher.38 

In addition, we do not explicitly incorporate pre-existing policies such as 
the CAFE standards, the gas-guzzler tax, or emissions standards.  These policies 
are embodied in the estimated functions for  MPG(s,v) and EPM(s,v).  Without 
these standards, our alternative instruments would not perform as they do.  The 
gas-guzzler tax indirectly taxes engine size and thus affects the magnitude of the 
optimal uniform tax on size in our model.  Also, CAFE standards change the 
effect that vehicle age and size have on fuel efficiency, so they affect the 
magnitudes of all our tax rates.  The subsidy to newer cars is effective in our 
model because emissions standards have become increasingly stringent.  A more 
complete numerical implementation would explicitly model existing and potential 
mandates and incentives.  

We simulate a zero-tax scenario, and the gain from a first-best Pigovian 
tax on emissions.  For each second-best policy combination, we calculate the 
optimal rates, the welfare gain relative to the zero-tax scenario, and that gain as a 
percentage of the Pigovian gain.  Despite the considerable heterogeneity in our 
data, two combinations of uniform tax rates perform well.  We find that 71 
percent of the Pigovian gain can be achieved by the three-part instrument 
involving a gas tax, a size subsidy, and a new-car subsidy.  The two-part 
instrument involving a tax on gasoline and subsidy to newer cars also attains 
about 71 percent of the Pigovian gain.  Adding the size subsidy to this two-part 
instrument does not significantly increase welfare because of the small impact 
that engine size has on EPM.  A gas tax alone reaches 62 percent of the gains 
from an ideal Pigovian tax.  These results are robust to variation in the elasticity 
of substitution among goods.  The ultimate choice of policy depends on these 
welfare effects, on distributional effects not measured here, and on administrative 
costs of implementing each tax or subsidy. 
 
Appendix 
 
This appendix provides complete derivations for our analytical model.  We 
expand the model in Fullerton and West (2002) to include vehicle vintage,  v,  
called “newness.”  This variable rises for newer cars, so it increases utility and 
decreases emissions rates.  
 
 

                                                 
38 Green and Hu (1985) find that this kind of substitution occurs to a large extent in some 
households, but that its overall effect is negligible.  Sevigny (1998) finds small effects. 
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A.  The Individual’s Problem 
 
The individual’s problem is to maximize the Lagrangean 
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with respect to  mi ,  si , vi  and  xi.  The consumer takes total emissions,  E, as 
fixed.  First order conditions for this problem are: 
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Emissions can be made relevant to the consumer problem through the pollution 
tax  tE.  The effective price per mile would then include the emissions tax per 
mile.  Similarly, the implicit prices of  s  and  v  include the change in the cost of 
gasoline from the change in  MPG,  plus the change in the emissions tax from the 
change in  EPM. 
 
B.  The Social Planner’s Problem 
 
The social welfare function described in the text is the weighted sum of all 
individuals’ utilities, where each weight is the inverse of the individual’s marginal 
utility of income at the first-best social optimum: 
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where individuals are distributed according to income (y) and three different 
preference parameters used to represent their different preferences for miles (α), 
size (β), and newness (γ).  These are weighting parameters in the Constant 
Elasticity of Substitution (CES) utility function used in the numerical model, but 
the current utility function in (A1) above is not limited to the CES form.  The 
distribution h(α, β, γ, y)  has positive support on  [ ] [ ] [ ] [ ]yy,,,, ××× γγββαα  .  
The integral of this distribution over all four parameters is the population,  n .  

The social planner’s problem is to maximize that social welfare function 
subject to a resource constraint, the integral over all individual budget constraints.  
However, the social planner does recognize how individual emissions affect 
aggregate emissions in 
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Thus the social planner uses (A4) when maximizing the Lagrangean 
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with respect to each consumer’s  m, s , v,  and x (given their individual  α, β, γ, 
and  y).  The multiplier on the resource constraint is  δ , the social marginal value 
of income.  To maximize (A5), we can ignore the outer integral to obtain the 
individual marginal conditions and then incorporate the impact an individual’s 
choices have on emissions by differentiating the aggregate emissions term with 
respect to the individual’s  m, s, and  v.  The resulting first-order conditions for 
individual  i  are: 
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 The first term in each equation represents the individual’s money value of 
marginal utility from each good.  The second term in (A6a) represents the external 
cost of an additional mile driven by individual  i .  Similarly, the second terms in 
(A6b) and (A6c) represent the external cost of an additional unit of size and 
newness purchased by individual  i.  The first-order conditions (A6) say that the 
money-metric social marginal utility of each good is set equal to the social 
marginal cost of that good.  Also, looking at (A6d), note that the left-hand side 
equals individual  i’s  change in utility from an additional unit of  x, divided by 
the marginal utility of income at the optimum.  In other words, it is the dollar 
value of another unit of  x (the price of  x).  Since the price of  x  equals one, 
(A6d) says that the social marginal utility of income,  δ , also equals one at the 
optimum. 
 
C.  Solutions 
 
1.  The Pigovian Tax 
 
To solve for a Pigovian tax, set all taxes except  tE  equal to zero (ts= tv= tg= tx= 0) 
in equations (A2).  Then, using  δ = 1, (A6d) and (A2d) match each other.  Also 
using  δ  = 1, set (A6a) and (A2a) equal to each other.  The individual-specific 
variables drop out, leaving the traditional uniform Pigovian tax 
 

MEDntE ≡=
δ
μ             (A7) 
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Using  δ  = 1 and this value of  tE , the first order conditions for size (A6b and 
A2b) match each other, as do the first order conditions for newness (A6c and 
A2c).  Since the consumer problem (A2) then attains the first-best social 
optimum, we have  λi = λi*. 
 
2.  First-Best Taxes on Gasoline, Size, and Newness 
 
If the measurement of emissions were difficult or impossible, so that  tE = 0, we 
can find a different policy combination that attains the same efficient outcome.  
This policy is a three-part instrument that begins with a tax on gasoline and is 
complemented by taxes (or subsidies) on size and newness.  To solve for these 
policy parameters, set  tx = tE = 0.  Using  δ  = 1, we have equality between (A6d) 
and (A2d).   

To solve for the tax on gasoline, plug  δ  = 1  into (A6a).  Then subtract 
(A6a) from (A2a) to obtain equation (6a) in the text.  To obtain the tax on size, 
plug  δ = 1 into (A6b) and the gas tax into (A2b).  Then subtract (A2b) from 
(A6b) to obtain equation (6b) in the text.  We solve for the tax on newness in the 
same way as the size tax, to obtain (6c). 
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