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Abstract
In many countries, fuel economy standards will dramatically increase the fuel economy
of new passenger vehicles over the next 10 years. Because manufacturers jointly choose
fuel economy, performance, and other vehicle characteristics, the standards could affect
not just fuel economy but other vehicle characteristics as well. We use a simple model of
the vehicle market to show that the welfare effects of the standards depend largely on
how they affect the rate of technology adoption and how they affect the direction of
technology adoption—whether manufacturers use new technology to increase fuel
economy rather than to increase other vehicle characteristics. We show that recent
standards in the United States and Europe have affected both the direction and rate of
technology adoption. The U.S. standards have particularly reduced vehicle horsepower,
which represents an opportunity cost of the standards that previous analysis has not
considered.
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Introduction
In markets where firms sell products with multiple characteristics, firms may direct

innovation to improve some characteristics rather than others. There is strong theoretical
and empirical evidence that market and regulatory forces affect the types of technologies
that firms innovate and adopt. For example, Newell et al. (1999) show that high energy
prices and regulation caused firms to redirect innovation to offer more energy efficient air
conditioners rather than reducing retail prices. Likewise, firms that produce output from
multiple inputs must choose among available production technologies, across which input
requirements vary. For example, Popp (2002) shows that high energy prices cause
energy-saving innovation in manufacturing. Acemoglu et al. (2012) argue that
environmental regulation can shift innovation towards production processes and products
that improve environmental quality.
When firms choose multiple product characteristics there are often technological
relationships between those characteristics. This is true in passenger vehicles, where there
is a close physical relationship between the vehicle’s fuel economy, horsepower, and
weight, but this is true for other types of vehicles such as trucks as well as a wide range
of other products such as many home appliances. In the case of passenger vehicles, which
are the focus of the is paper, for a given power train technology, Knittel (2011) and Klier
and Linn (2012a) describe a technology frontier, along which vehicle manufacturers can
trade off fuel economy for weight and horsepower while holding production costs
constant. Manufacturers can also increase fuel economy by adopting technology that
causes the frontier to shift away from the origin. We refer to the direction of technology
adoption as shifting towards fuel economy if manufacturers move along the frontier to
increase fuel economy at the expense of other characteristics. The rate of adoption refers
to the rate at which the frontier shifts out.
Because of concerns about global warming and energy security, many countries have
recently adopted policies to dramatically increase the average fuel economy of new
passenger vehicles. In the United States, the Corporate Average Fuel Economy (CAFE)
standards in 2016 will be about 40 percent higher than the standards were ten years prior.
The 2025 standards may increase fuel economy an additional 50 percent—after a 20-year
period in which the standards did not change. European standards for greenhouse gas
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emissions rates (which are inversely related to fuel economy) tighten by about 30 percent
from 2012-2020. Many other major developed economies, such as Japan, have similar
policies, as do some developing countries such as China and Mexico.
These policies strengthen incentives for raising fuel economy. In fact, there is
qualitative evidence that the initial CAFE standards, which were adopted in 1975,
affected the rate and direction of technology adoption. Klier and Linn (2012a) show that,
as the standards were phased in during the 1980s, manufacturers raised fuel economy at
least partly by reducing weight and horsepower. Figure 1 shows that between 1978 and
1985, average fuel economy of new cars increased 35 percent, while power decreased 10
percent and weight decreased 14 percent. Knittel (2011) also shows that the rate of
technology adoption increased in the 1980s as the standards were first implemented.
This paper bridges the literature on technology adoption and the literature analyzing
welfare effects of policies. The technology literature has demonstrated that policy and
market forces affect technology, but this literature has not analyzed welfare
consequences. In general, the vast literature evaluating welfare consequences of specific
policies has ignored the effects of the policies on technology. We document the effects of
recent vehicle standards in the United States and Europe on the rate and direction of
technology adoption and quantify the effects of the standards on consumer welfare.
Rising fuel economy standards have renewed interest in analyzing the welfare effects
of the upcoming fuel economy standards. Yet, this literature has assumed that standards
do not affect other vehicle attribute over time horizons longer than a few years. In the
first strand of the literature, it is assumed that standards do not affect the direction of
technology adoption, and, therefore, that opportunity costs are zero. The U.S. regulatory
agencies—the Environmental Protection Agency (EPA) and the Department of
Transportation National Highway Traffic Safety Administration (NHTSA)—explicitly
assume that standards do not affect the direction of technology adoption (U.S. EPA
2011). Likewise, Austin and Dinan (2005) and Jacobsen (forthcoming) allow for outward
shifts of the frontier but assume that standards do not affect other characteristics.
The second strand of the literature, e.g., Klier and Linn (2012a), Whitefoot et al.
(2011), and Whitefoot and Skerlos (2012) allow for the possibility that fuel economy
standards affect the direction, but allow for very limited opportunities to shift out the
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frontier. Therefore, these estimates are only valid for short time horizons over which the
frontier is approximately fixed, perhaps several years.
In contrast, we first use a simple model to demonstrate the importance of including
shifts and movement along the technology frontier when analyzing the welfare effects of
standards. In the model, technology adoption increases fuel efficiency, where efficiency
represents the amount of mechanical energy per energy contained in the fuel. Improved
efficiency can be used to increase fuel economy, power, or both (the simple model
abstracts from weight). The opportunity cost of the standard is the amount consumers
value the change in characteristics other than fuel economy caused by the standard.
Unless the standard increases the rate of technology adoption sufficiently, the opportunity
cost is positive and failing to account for the effect of the standard on the direction of
technology adoption yields biased welfare estimates.
The model also shows that the more a standard increases the rate of adoption, the less
it affects the direction of technology adoption; that is, the opportunity cost is lower the
more the rate of adoption increases. Thus, the model suggests two empirical questions:
what are the technical tradeoffs among fuel economy, weight, and power along the
frontier, and how do fuel economy standards affect the direction and rate of technology
adoption?
The second part of the paper addresses both questions and estimates the magnitude of
the opportunity cost of the standards. The analysis makes three further contributions to
the literature. First, we use detailed engine and vehicle characteristics data to estimate
technical tradeoffs between fuel economy, weight, and power. We estimate these
tradeoffs separately for the U.S. and European vehicle markets. This analysis builds on
Knittel (2011) and Klier and Linn (2012a). Knittel estimates tradeoffs using crosssectional and time series variation in vehicle characteristics. Knittel concludes that
upcoming fuel economy standards are likely to be technically feasible—because of both
shifts and movement along the frontier.
By comparison, we use matched engine and vehicle model production data to
distinguish between medium-run and long-run tradeoffs among fuel economy, weight,
and power. In vehicles markets, engine technologies are typically redesigned over 8-10
year design cycles. The medium run refers to the period of time in which engine
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technologies are fixed—8-10 years—and the long run refers to time horizons greater than
ten years. The regular design cycles suggest that technological tradeoffs between fuel
economy and other characteristics may differ in the medium and long run. Failing to
make this distinction can overstate manufacturers’ ability to trade off weight and power
for fuel economy in the medium run, and understate this ability in the long run; therefore,
the distinction is important for assessing how quickly and easily manufacturers can meet
a particular increase in the standard. We allow for different medium and long run
tradeoffs using an approach similar to Linn (2008), which estimated the effect of energy
prices on technology adoption in U.S. manufacturing. Specifically, we compare tradeoffs
for existing and newly redesigned engines.
Second, we test whether standards affect the rate and direction of technology
adoption. Knittel (2011) shows that the rate of adoption was higher when the initial
CAFE standards were introduced. However, other factors were changing at the same
time, such as increasing gasoline prices and greater penetration of imported vehicles,
making it difficult to determine the extent to which the initial standards caused the
increase in the rate of adoption. The chief identification problem is that the standards
affect the entire market, making it difficult to control for other factors. Considering the
recent standards in the United States and Europe, perhaps the two most important
concerns are the increases in gasoline prices in the mid/late 2000s and the recession at the
end of the decade; both factors would likely encourage consumers to purchase less
expensive vehicles that have higher fuel economy. We are not aware of analysis that has
addressed these challenges and estimated the effects of vehicle standards on technology
adoption.
Our empirical strategy has two main features. First, we report results from three
separate changes in standards in the United States and Europe. In particular, the United
States adopted tighter fuel economy standards for light trucks in 2003 and tighter
standards for both cars and light trucks between 2007 and 2009. Between 2007 and 2009,
Europe adopted mandatory greenhouse gas emissions rate standards, which are backed by
fines for non-compliance. The system replaced a voluntary standard that did not include
fines, and which the manufacturers did not meet (Klier and Linn 2012b). We test whether
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each of the three changes in standards affected the rate and direction of technology
adoption.
The second feature of the empirical strategy is that we evaluate the effects of the
standards both at the aggregate and at the manufacturer level, which allows us to control
for other aggregate shocks to the new vehicles markets. The recession likely caused large
changes in market shares in the United States and Europe and dramatically reduced
manufacturer profits (Li et al. 2013). However, our analysis focuses on the characteristics
of vehicles in the market and does not include changes in market shares. Furthermore, the
recession should have slowed the rate of technology adoption to the extent that lower
sales volumes reduced resources manufacturers could devote to redesigning their
vehicles; this effect is counter to the hypothesis that the standards increase the rate of
adoption, implying that the recession would bias our results against finding an effect of
the standards on the rate of adoption. Finally, we argue that gasoline prices and the
recession should have similar effects on vehicles in the same market segment or with
similar fuel economy, but which are sold by different manufacturers. These shocks can
vary across manufacturers depending on their vehicle mix. In contrast, the standards
create incentives for technology adoption that are common across all of a manufacturers’
vehicles, but which vary across manufacturers. This distinction allows us to identify the
effects of the standards on the rate and direction of technology adoption, while
controlling for other factors.
We find that the U.S. light truck standards in 2003 and the car and truck standards in
2007-2009 affected the rate and direction of technology adoption. The European
standards affected the rate of adoption but there is little evidence they affected the
direction.
The paper’s final contribution is to estimate the opportunity costs of future standards
that arise from tradeoffs between fuel economy and horsepower. It would be beyond the
scope of the paper to develop a fully dynamic model of the vehicle market, in which
manufacturers choose vehicle prices and the rate and direction of technology adoption,
and in which consumers choose vehicles. Instead, we use the empirical estimates of the
effect of standards on the rate and direction of technology adoption. We estimate the
change in consumer welfare caused by a 10 percent increase in fuel economy for both the
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United States and Europe, accounting for tradeoffs between vehicle characteristics and
the shift of the frontier. We find that, in both the United States and Europe, the value of
the fuel savings are the same order of magnitude as the lost value of the horsepower,
suggesting that the opportunity costs of lost horsepower are significant. The concluding
section discusses the implications of these results for the welfare analysis of fuel
economy or emissions rate standards.

2

A Simple Model of Fuel Economy Standards and Opportunity Costs
This section uses a very simple model of new vehicle fuel economy or emissions rate

standards to show how the standards affect the rate and direction of technology adoption.
We show that the more the rate increases, the lower the opportunity costs. We also
discuss the implications of the model for welfare analysis.

2.1 Profit Maximization for a Manufacturer Selling a Single Type of
Vehicle
The new vehicles market consists of multiple manufacturers, and we focus on a
manufacturer that sells a single type of vehicle. There are multiple time periods, t .
There is a large set of consumers, whose demand for the vehicle depends on its price,

pt , its fuel economy, mt , and its horsepower, ht . Quantity demanded, qt , is given by:

qt = q( pt ,mt ,ht )
where the function is decreasing in pt and increasing in both mt and ht .1 Horsepower
proxies for power train characteristics that consumers may care about, other than fuel
economy, such as engine size, maximum torque, and 0-60 time.
The manufacturer chooses the price of the vehicle as well as its horsepower, fuel
economy, and power train efficiency, t . The efficiency describes the amount of
mechanical energy available from a given amount of fuel. Starting from a particular
power train, which has a certain fuel economy and horsepower, there are two ways the
manufacturer can increase fuel economy, mt . First, the manufacturer can increase fuel
economy by decreasing horsepower, as given by the following technical tradeoff:
1

We assume vehicle weight is constant but we relax this assumption in the empirical analysis in Section 3.
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mt = m(ht ,ht ) .

(1)

Fuel economy is decreasing in ht , which reflects the fact that, for a power train with a
given t , the manufacturer can design the power train to have a higher horsepower at the
expense of fuel economy. We assume that such changes do not affect the production
costs of the vehicle.
Second, the manufacturer can adopt technologies that improve efficiency. For
example, starting with a 6-cylinder engine with a 5-speed automatic transmission, the
manufacturer could increase efficiency by replacing the 5-speed transmission with a 6speed transmission.
Increasing the efficiency raises the cost of producing the vehicle. The marginal cost,

ct , is a function of efficiency ct = ct (ht ) , where the first and second derivatives are
positive.
The marginal costs depend only on the efficiency, and costs are constant as the
manufacturer trades off fuel economy for horsepower according to equation (1). We can
therefore refer to the fuel economy frontier as the maximum fuel economy that can be
achieved for a particular horsepower and efficiency. As the manufacturer moves along
the frontier and trades off fuel economy for horsepower, marginal costs do not change. If
the manufacturer increases efficiency it can shift to a new frontier, as Figure 2 shows.
The manufacturer’s profit maximization problem is:
max [ pt  ct (t )]qt ( pt , mt , ht )

pt , mt , ht ,t

s.t. mt = f (ht ,ht )
After substituting the technological constraint into the objective function, there are
three first order conditions, for ht , ht , and pt . The first order condition for price yields
the standard markup equation:

pt - ct
1
=pt
ep
The percent markup is inversely proportional to the own-price elasticity of demand, e p .
The first order condition for ht yields:
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( pt - ct )

¶q ¶m ¶c
= q
¶m ¶h ¶h t

(2)

The left hand side is the difference between price and marginal costs multiplied by the
increase in sales that would arise from raising efficiency. The right hand side is the
increase in marginal costs from raising efficiency multiplied by the number of vehicle
sold. Thus, the manufacturer equates the marginal benefit and the marginal cost of raising
efficiency.
Rearranging the first order condition for ht , we obtain:

¶q
¶q

¶h = - ¶m

¶m

¶h

(3)

Equation (3) shows that the manufacturer equates the ratio of the marginal benefit of
raising horsepower and fuel economy (in terms of the sales increase) with the
technological tradeoff between the two characteristics. We discuss the solution
graphically using consumer indifference curves and the technological tradeoff,

mt = m(mt ,ht ) .
Figure 3 plots the consumers’ indifference curves for fuel economy and horsepower.
We assume that consumers prefer horsepower to fuel economy in the sense that the
willingness to pay for a horsepower increase is greater than the willingness to pay for a
fuel economy increase of the same magnitude. The indifference curve represents the set
of points such that the consumer has equal utility from the vehicle, holding its price fixed.
The figure shows the equilibrium for time t  s . As equation (3) shows, the
manufacturer chooses point X s to maximize profits at time s such that the slope of the
indifference curve is equal to the slope of the technological constraint.
We assume that innovation occurs exogenously over time, which reduces the
marginal costs associated with producing a vehicle with a particular efficiency, h . For
example, the marginal cost of producing a vehicle with a hybrid power train decreases
between one period and the next. Thus, comparing marginal costs at time s to time s  1 ,

cs (h ) > cs+1 (h ) .

9

From the first order condition for efficiency, equation (2), we see that innovation
increases the efficiency over time. Figure 3 shows the outward shift of the frontier from
time s to time s  1. Nearly all of the efficiency increase is devoted to raising horsepower
rather than fuel economy; fuel economy at X s 1 is only slightly higher than fuel economy
at X s . The steepness of the indifference curve explains this result; we assumed
consumers’ preferences for horsepower to maintain consistency with the patterns
observed in Figure 1.

2.2 Effects of a Fuel Economy Standard
Suppose that at time t  s unexpectedly the government sets a fuel economy standard
of m* , for all t  s . The standard does not apply at the time at which it is announced ( t  s
) but it does apply starting with the next time period t  s  1 ; the timing approximates the
situation in the United States and elsewhere, in which the standard is announced before it
is enforced. Also consistent with upcoming fuel economy and greenhouse gas emissions
rate standards, we assume that the standard is set above the fuel economy of the
manufacturer in the no-policy case considered previously.
The government introduces flexibility by allowing manufacturers to trade credits;
manufacturers that exceed the standard generate credits in proportion to the amount by
which they exceed the standard. Such manufacturers can sell credits to other
manufacturers that fall short of the standard. Let the market-clearing credit price at time

s  1 be ls+1 , which is measured in dollars per miles per gallon (mpg) per vehicle.
Because of this flexibility, the manufacturer could choose to exactly meet the standard,
fall short of the standard and purchase credits from other manufacturers, or exceed the
standard and sell credits to other manufactures.
The manufacturer’s profit maximization problem is:

max [ pt - ct (ht ) - lt (m* - mt )]qt ( pt ,mt ,ht )

pt ,mt ,ht ,ht

s.t. mt = f (ht ,ht )
The standard amounts to a tax or subsidy proportional to the difference between the
standard and the vehicle’s fuel economy.
The first order conditions for price, efficiency, and horsepower are:
10

pt - ct - lt (m* - mt )
1
=pt
ep

( pt - ct - lt (m* - mt ))
¶q
¶q

¶h = -{

¶m

¶q

¶q ¶m
¶m ¶c
+ lt
= q
¶m ¶h
¶h ¶h t

lt qt
¶m

[ pt - ct - lt (m - mt )]
*

+1}¶m

¶h

(4)

We first consider the case in which the vehicle’s fuel economy falls short of the
standard, so that ms 1  m* . We refer to the no-policy case as that considered previously,
in which there was no standard. Comparing the first order conditions in equation (4) with
the corresponding equations from the no-policy case, the standard causes the
manufacturer to reduce the markup, increase efficiency more, and move along the frontier
towards higher fuel economy and lower horsepower. Figure 4 depicts the equilibrium
with and without the standard. The manufacturer chooses point X s*1 , which has higher
fuel economy and lower horsepower than the no-policy equilibrium. Because of the credit
price, the indifference curve is no longer tangent to the frontier, and we observe that in
this case the consumers are on a lower indifference curve than in the no-policy
equilibrium. Not shown in the graph is that the price of the vehicle is higher than the nopolicy equilibrium, which represents a second reason why consumers are worse off with
the standard, besides the reduction in horsepower.
It is also possible that the manufacturer increases fuel economy enough to exceed the
standard and sell excess credits. The manufacturer can achieve such high fuel economy
either by moving along the frontier or increasing efficiency more than in the previous
case. In this case, as well, the standard affects the rate and direction of adoption.2
Thus, we observe that the fuel economy standard affects the direction and rate of
technology adoption. In the period in which the standard is imposed ( s  1 ), the
manufacturer uses efficiency improvements to increase fuel economy more than it would
2

In principle, the standard could cause the rate of adoption to increase sufficiently that the direction of
adoption is more towards horsepower than in the no-policy case. Likewise, it is possible that the direction
changes sufficiently that the rate of adoption is lower with the standard than without. The next two sections
show that these cases are unlikely to have occurred in response to actual standards. Therefore we do not
consider those cases here.
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have otherwise. In addition, if the standard is above the vehicle’s initial fuel economy it
causes the manufacturer to adopt more technology than it would have otherwise.

2.3 Multi-Product Manufacturers
We now allow for the possibility that the manufacturer sells multiple vehicles,
indexed by j . To simplify the expressions, we assume that the cross-price elasticities of
demand are all zero. If the multi-vehicle manufacturer is unregulated, the first order
condition for h jt is the same as equation (3) and as depicted in Figure 2.
As before, the standard of m* is announced at time t  s and is implemented starting in
time t  s  1 . The standard applies to the harmonic mean of the fuel economy of the
manufacturer’s vehicles. As before, there is a credit system such that manufacturers
under-complying can sell to other manufacturers over-complying.
With a fuel economy standard, the manufacturer’s profit maximization problem is:

max

{Pjt ,m jt ,h jt ,h jt } j

[ p jt - c jt (h jt )]q jt ( p jt ,m jt ,h jt ) + lt [

q jt
1
q
]
å
å
jt
m* j
j m jt

s.t. m jt = m(h jt ,h jt ) for all j and t ,
where the last term in the objective function is the value of selling permits if the
manufacturer exceeds the standard and the cost of purchasing permits if it falls short of
the standard.
Rearranging the first order condition for horsepower yields:

¶q jt
¶q jt

¶h jt
¶m jt

lt [
= -[

¶q jt

q jt

¶m jt

m

2
jt

¶q jt

]

( p jt - c jt )

+1]

¶m jt

¶h jt

- lt

¶q jt

1
1
]
*
¶h jt m m jt
[

¶m jt

(5)

( p jt - c jt )

If the vehicle’s fuel economy falls short of the standard, the right hand side of equation
(5) is larger than that in the no-policy case. Therefore, the standard causes the
manufacturer to choose a higher fuel economy and lower horsepower than the no-policy
case. Thus, with multiple vehicles, we obtain the same result as with a single vehicle, that
the fuel economy standard affects the direction of technology adoption. Likewise, it is
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straightforward to show that with multiple vehicles the standard increases the rate of
adoption.

2.4 Welfare Analysis
The introduction noted that the previous literature—including analysis by the
regulatory agencies for the U.S. standards—has not allowed for the possibility that
standards affect other vehicle characteristics in the long run. We have shown that this
assumption is unlikely to hold in practice. We discuss the theoretical implications of the
model for analyzing the costs of fuel economy standards to manufacturers and
consumers.
First, we briefly review approach used in the regulatory analysis. Essentially, the
EPA/NHTSA analysis begins by considering the equilibrium at point X s . Then, a
simulation model is used to estimate the increase in h and the associated costs such that a)
horsepower does not change from X s and b) all manufacturers meet the standard in the
next time period. We let  ( EPA) be the efficiency estimated in this analysis. Figure 5
shows the resulting equilibrium, at point X ( EPA)s 1 . The costs are estimated relative to
the initial equilibrium assuming the cost function does not change over time (i.e., in
contrast to the model analyzed in the previous discussion). The final step of the analysis
is to use an assumed manufacturer markup to translate the production cost increases to
price increases. The resulting price increases are used to estimate the change in
manufacturer profits and the lost income for vehicle consumers.
Even if the assumed cost function, ct (t ) , and markups are correct, this analysis yields
incorrect welfare estimates. The EPA/NHTSA comparison of costs and prices before and
after the standard is not appropriate in a dynamic market, such as that for new vehicles, in
which technology is continuously improving over time. Figure 1 showed the implications
of this new technology since the 1970s—over time, technology has been used to increase
horsepower and vehicle size and weight. Comparing equilibriums before and after the
standard yields incorrect welfare estimates because doing so does not account for the
technology adoption—and resulting consumer welfare improvements, which would have
happened in the absence of the standards. Therefore, the proper comparison is between
the equilibriums with and without the standard in the same time period, i.e., t  s  1 .
13

If we compare equilibriums with and without the standard, and impose the
EPA/NHTSA assumption that opportunity costs are zero, h must increase sufficiently for
the manufacturer to meet the standard without reducing horsepower from the no-policy
case. Figure 5 shows that efficiency has to increase to  '( EPA) for this condition to hold,
where  ( EPA)   '( EPA) . EPA/NHTSA under-estimate the increase in efficiency needed
for the vehicle to meet the standard and leave horsepower unchanged from the no-policy
equilibrium. Of course, Section 2.2 shows that the assumption of zero opportunity costs is
unlikely to hold in practice, and imposing the restriction of zero opportunity costs overstates the costs of standards to manufacturers. Thus, the EPA/NHTSA estimate of welfare
costs is downward biased because it does not make the appropriate comparison of
equilibriums, and it is upward biased because it assumes manufacturers do not move
along the frontier. Which bias is greater is an empirical question. For consumers,
moreover, the EPA/NHTSA analysis ignores opportunity costs and includes only the
value of fuel savings and the increase in the cost of buying a vehicle. The economics
literature on the long-run effects of fuel economy standards does compare the proper
equilibriums, but mis-states costs by not allowing for movement along the frontier.

3

Estimating the Technical Tradeoffs Between Vehicle Characteristics
In the previous section, we showed that the standards’ costs and benefits to

manufacturers and consumers include three components: fuel savings from increased fuel
economy, opportunity costs of changes in characteristics other than fuel economy, and
increases in production costs (some of which may be passed to consumers as higher
vehicle prices). Because the literature has assumed opportunity costs are zero, for the
remainder of the paper we focus on estimating those costs and put aside the other two
components. In the conclusion we discuss the implications of our analysis for full welfare
estimates of the standards.
The model had two empirical implications for the magnitude of opportunity costs.
First, fuel economy standards affect the direction of technology adoption, towards raising
fuel economy at the expense of raising horsepower (and other vehicle characteristics).
Second, opportunity costs depend on the extent to which the standards increase the rate of
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technology adoption. The next two sections test whether recent U.S. and European
standards have affected the direction or rate of technology adoption, after which we
estimate opportunity costs.

3.1

Empirical Strategy
We begin by specifying a technology frontier, which represents the maximum fuel

economy that can be attained at time , given a vehicle’s horsepower, weight, and other
characteristics. For each type of vehicle a manufacturer sells, the manufacturer chooses
the profit-maximizing point along the frontier for that vehicle. Once we have estimated
the shape of the frontier at a particular time, we can ask how manufacturers have moved
along the frontier—that is, the direction of technology adoption—and how quickly the
frontier shifts out from the origin—that is, the rate of technology adoption. Therefore, the
first empirical objective is to estimate the shape and location of the frontier at each point
in time.
A model version and year defines a unique observation in our data. As explained
below, the definition of a model version differs between the U.S. and European data, but
in both case the data reflect within-model variation in engines and model trims. Similar to
Knittel (2011) and Klier and Linn (2012), we begin with a simple linear equation
describing fuel economy in terms of horsepower, weight, and other characteristics
ln eit  0  h ln(hit )  w ln(wit )   t  X it   it

(6)

where eit is the fuel economy or CO2 emissions rate of model version i in year t ; hit and wit
are horsepower and weight;  t is a set of time fixed effects; X it contains a set of vehicle
characteristics including the transmission type, fuel type, and number of engine cylinders;

 it is an error term; and  0 ,  h ,  w , and  are parameters to be estimated.
For the U.S. analysis the dependent variable is fuel economy because CAFE regulated
new vehicle fuel economy for most of the sample period, although the new standards
regulate both fuel economy and the CO2 emissions rate. The dependent variable for the
European analysis is the emissions rate because the European standards regulate the
emissions rate throughout the sample period. For a given fuel type, fuel economy and the
CO2 emissions rate are inversely proportional to one another.
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The coefficients on weight and horsepower capture the tradeoffs between fuel
economy/emissions, weight and horsepower. The coefficients are expected to be negative
if the dependent variable is fuel economy and positive if the dependent variable is the
emissions rate. Therefore, if the technology frontiers for European and U.S. vehicles have
the same shape, the coefficients in (6) would have the same magnitude but opposite signs
when estimating the equation separately for the United States and Europe.
The time fixed effects capture fuel economy increases or emissions rate decreases that
are possible without reducing weight or power, and correspond to t from the model in
Section 2. The time fixed effects correspond to the log of the frontier, so that the change
in the time fixed effects between two years approximately equals the percent shift of the
frontier.
Equation (6) makes two implicit assumptions about the underlying technology: a) the
power and weight tradeoffs are the same for all vehicles in a particular year, and b) the
frontier shifts out proportionately over time (i.e., technology adoption is neutral with
respect to weight and horsepower). There are two reasons these assumptions are unlikely
to hold in practice. The first is that manufacturers may adopt power train technology at
different rates. Manufacturers may differ in their ability to improve or adopt power train
technology between one time period or the next, or they may choose to improve other
vehicle attributes, such as safety, instead of power train technology. To allow for these
possibilities, we replace the year fixed effects,  t , with model-year fixed effects, t mt .
Regularities in vehicle and engine design are the second reason these assumptions are
unlikely to hold in practice. Manufacturers typically redesign their vehicles every 5-7
years, at which point they make major changes to the vehicle’s characteristics; in between
redesigns, changes in vehicle characteristics tend to be fairly modest. This regular design
cycle would seem to suggest that the frontier for a particular model shifts out every 5-7
years. However, the situation is more complicated because engines are produced in welldefined models, which are referred to as programs. Manufacturers often combine a given
engine program with multiple models, and many models are sold with multiple programs
(Klier and Linn 2012a). Furthermore, manufacturers typically stagger the design cycle for
vehicle models and engine programs, so that the redesigns are completed for a subset of
their models and engines in a particular year. Because of the regular design cycles, the
16

practice of selling an engine program in multiple vehicle models and vice versa, and the
staggering of the design cycles, the actual tradeoffs between fuel economy and other
characteristics likely depend on the design cycle. Therefore, estimating equation (6) by
ordinary least squares (OLS) would yield biased estimates of the parameters and the time
fixed effects.
We use engine production data to circumvent this issue [Can we identify years of
model redesign?]. In particular, for each model version we match the set of engine
programs sold with that version. We define a variable, rmt , which is equal to one if any
version of model version i has been redesigned, if any version is sold with an engine
program that has been redesigned, or if any version was not sold in the previous year. We
add to equation (6) the interaction of the redesign variable with horsepower, weight, and
the model-year fixed effects, to obtain the final estimating equation (7):
ln eit  0  h ln(hit )  w ln(wit )  hr rmt ln(hit )  wr rmt ln(wit )   mt  X it   it

(7)

The coefficient on rmt is the average outward shift of the frontier when the model or
engine program is redesigned. The coefficients on horsepower and weight represent the
tradeoff between fuel economy, horsepower and weight for model versions that are not
redesigned. The interactions between rmt and horsepower and weight allow the tradeoff
between model, horsepower, and weight to be different when manufacturers redesign
models or engine programs. These interaction terms thus relax the assumption in equation
(6) that the frontier shifts out proportionately over time for all vehicles.
There are several main hypotheses to be tested in equation (7) when the dependent
variable is fuel economy. The first is that the coefficients on weight and horsepower are
negative, reflecting the tradeoffs between fuel economy, weight, and horsepower along
the technology frontier. The second hypothesis is that the model-year fixed effects
increase over time as manufacturers adopt technology. The third hypothesis is that the
model year-redesign interactions are larger in magnitude than the model-year fixed
effects if manufacturers can shift the frontier out further when redesigning the vehicle
than when they are modifying an existing vehicle between redesigns. Finally, the
interactions between Rit and horsepower and weight are positive, implying that the
tradeoffs between fuel economy, horsepower, and weight are less severe when the vehicle
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or engine is redesigned. The hypotheses for the European analysis, in which the
dependent variable is the emissions rate, are analogous.
In summary, there are several important features of equation (7). First, we allow the
tradeoffs between fuel economy/emissions and other characteristics to depend on whether
the vehicle has been redesigned. Second, we allow the frontier to shift out by different
amounts for each vehicle. Third, we do not impose any assumptions on the effect of the
standards on the direction or rate of technology adoption. The last feature allows us to
test the effects of the standards on the rate and direction of technology adoption using the
results from equation (7).

3.2

Data
3.2.1 United States
[Data description to be completed]
Table 1 provides some summary statistics for the U.S. data for the years 2005 and

2010. The table shows unweighted averages across model versions, with more than 1,000
observations per year. Between 2005 and 2010, fuel economy increased 5 percent, weight
increased 6 percent, and horsepower increased 14 percent. Panel A of Figure 6 shows the
trends over the entire sample period, 2000-2012. Horsepower and weight increased
steadily in the first half of the sample and then leveled off (more so for weight than
horsepower), whereas fuel economy was constant in the first half and then increased.
Thus, the figure suggests that, at the aggregate level, the direction of technology adoption
shifted towards fuel economy in the second half of the sample.
3.2.2 Europe
The European data were obtained from R.L. Polk and cover the years 2005-2010. The
data include all new cars sold in Sweden and the countries with the 8 largest markets in
Europe: Austria, Belgium, France, Germany, Italy, the Netherlands, Spain, and the
United Kingdom. Observations are by country, year, and specification, where a
specification denotes a unique model name, model trim, number of doors, engine size
(cubic centimeters of displacement), horsepower, transmission type (manual or
automatic) and fuel type (gasoline or diesel fuel). Thus, the data distinguish different
engine versions of the same model as well as different trims that share the same engine.
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We aggregate across countries so that the final data set contains about 47,000
observations per year. Thus, a model version in the European data is much less
aggregated than in the U.S. data.
Table 1 reports summary statistics for the European data for comparison with the
United States. Fuel economy is much higher in Europe and the United States and
horsepower is much larger in the United States. The reported weight is larger in Europe,
but that is because the European data include the gross vehicle weight and the U.S. data
include the curb weight (gross vehicle weight includes the weight of passengers and
cargo, which curb weight excludes). The table also shows that fuel economy increased
four times as much (in percentage terms) in Europe than in the United States, whereas
weight and horsepower increased by less in Europe. Panel B of Figure 6 shows that
horsepower, weight, and fuel economy increased in the first half of the sample, but in the
second half fuel economy increased at a faster rate while weight and horsepower
decreased.

3.3

Estimation Results
[Note: these regressions are preliminary. They do not include the redesign variables.]
Table 2 shows the estimates of equation (7) for the United States, with each column

reporting a separate regression. Column 1 shows results for cars and column 2 for light
trucks. The dependent variable is the log fuel economy of the model version. We could
include horsepower and torque in all regressions but in practice they are extremely highly
correlated with one another. We include only horsepower in the regressions for U.S. cars
and European cars. We include only torque for U.S. light trucks because torque is more
highly correlated with fuel economy for light trucks than is horsepower..
Fuel economy, horsepower, and weight are in logs, and the reported coefficients
represent elasticities. The regressions include dummy variables for whether the vehicle
uses diesel fuel, has a manual transmission, or has a hybrid powertrain; the coefficients
approximately equal the percent increase in fuel economy associated with using diesel
fuel, having a manual transmission, or having a hybrid powertrain.
Besides the reported variables, regressions include fixed effects for the number of
cylinders and fixed effects for model-year. These regressions impose the assumption that
the frontier of the versions of a model shift proportionately to one another.
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The estimates in column 1 suggest that a 1 percent increase in horsepower decreases
fuel economy by about 0.27 percent (1 – exp(0.311)), which is significant at the one
percent level. The estimate is significantly larger than Klier and Linn (2012) because the
latter focuses on within-engine program variation rather whereas these estimates are
based on cross-engine variation as well as within-engine variation The weight coefficient
in column 1 is smaller than Klier and Linn (2012) for the same reason. The horsepower
and weight coefficients also differ from Knittel (2011) but the sample periods and data
sources differ as well.
The diesel fuel coefficient implies that the fuel economy of diesel fuel vehicles is
about 37 percent larger than an otherwise similar vehicle. This estimate is consistent with
engineering estimates of the fuel economy gains of diesel fuel engines, if perhaps slightly
larger. On the other hand, the coefficient on the manual transmission dummy, which is
expected to be positive, is in fact positive but it is quite small and is not statistically
significant. The coefficient on the hybrid powertrain dummy indicates that hybrids have
about 27 percent higher fuel economy than otherwise comparable gasoline vehicles.
Comparing the car and light truck estimates, for light trucks the torque coefficient is
smaller and the weight coefficient is larger in magnitude. The light truck hybrid
coefficient is also larger.
The substantial differences between the coefficients for cars and light trucks motivate
our estimation of a separate frontier for the two vehicle categories. Table 3 separates the
categories further, reporting results for each market segment. There are three market
segments for cars (small, medium, and large/luxury), and four segments for light trucks
(CUVs, SUVs, vans, and pickup trucks). Coefficients vary substantially across the car
segments (columns 1-3) and across the light truck segments (columns 4-7).
Table 4 reports analogous estimates for Europe. Because the dependent variable is the
emissions rate rather than fuel economy, the signs of the coefficients are opposite from
the corresponding U.S. coefficients. Besides the reported variables, column 1 includes
fixed effects for the number of engine cylinders and fixed effects for each model-year.
Column 2 replaces the model-year fixed effects with model trim-year fixed effects. A
model trim is defined as a unique model name, body type, number of doors, driven
wheels, and trim level. That is, different model trims may have different engines. Thus,
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column 1 is directly comparable to the U.S. regressions in Table 2, except that the
European regressions do not include vehicles with hybrid power trains. Because the
European regressions include only passenger cars, we mainly compare the European
results with the U.S. car results.
The European horsepower coefficient estimate is about one-third smaller (in
magnitude) than the U.S. car coefficient and the weight coefficient is somewhat larger.
The European diesel fuel coefficient is about one-third smaller than the U.S. coefficient,
but this is because of the higher CO2 content of diesel fuel; if we use fuel economy rather
than the emissions rate as the independent variable for the European regressions, the
European diesel fuel coefficient is very similar to the U.S. coefficient. Finally, the
coefficient on manual transmission suggests that such vehicles have about 6 percent
lower emissions rates.
Comparing the European regressions with one another, the coefficient estimates are
quite consistent. Table 5, which reports separate regressions by car market segment,
shows that there is some variation across segments, but much less than observed in the
U.S. segment-level regressions in Table 3.

4

Have Standards Affected the Direction or Rate of Adoption?
In this section we use the estimates of equation (7) to investigate whether the recent

U.S. and European standards affected the rate and direction of technology adoption. We
consider the U.S. light truck fuel economy standards that were adopted in 2003, the U.S.
car and light truck fuel economy and greenhouse gas emissions rate standards adopted in
2007 and tightened in 2009, and the European CO2 emissions rate standards were
proposed in 2007 and finalized in 2009.3 We first report qualitative aggregate results and
then quantitative cross-sectional results, in both cases discussing the hypotheses to be
tested and then the results.

3

The 2007-2009 car and light truck standards are greenhouse gas emissions rate standards because they
count towards a manufacturer’s compliance changes in air conditioning that reduce greenhouse gas
emissions. The European standards include only changes in the vehicle’s CO 2 emissions rate.
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4.1 Hypotheses for Aggregate Direction and Rate
We consider whether the average rate or direction of technology adoption changed
after the standards were first adopted. We define the rate of technology adoption in a
particular year as the change in the average estimated model-year fixed effects between
the current and previous years. The change represents the increase in average fuel
economy, relative to the previous year if all of the adopted technology were used to
increase fuel economy—that is, if horsepower, weight and all other vehicle
characteristics were held constant. The hypothesis to be tested is that the standards
increased the rate of adoption (likewise for emissions rates in Europe).
We define the direction of aggregate technology adoption as the share of the frontier
shift that is used to increase fuel economy. The hypothesis is that the standards cause the
direction to shift towards fuel economy, so that fuel economy is more strongly correlated
with the frontier shift after the standards are adopted.
For both the rate and direction, the hypotheses are that the changes occurred when the
standards were adopted—as opposed to the time in which they were implemented. In
both the United States and Europe the standards were adopted several years after being
proposed and several years prior to their implementation. One might expect
manufacturers to begin increasing fuel economy exactly when the standards are
implemented, but design cycles prevent manufacturers from making large changes
simultaneously for their vehicles. Therefore, manufacturers typically begin responding
before the standards are first implemented. The adoption of the U.S. light truck standards
occurred in 2003 and 2009, the adoption of the U.S. car standards in 2009, and the
adoption of the European standards in 2009. Note that in 2007 the U.S. Congress raised
fuel economy standards to an average of about 35 mpg by 2020. In 2009 the compliance
date was moved to 2016. We use the year 2009 as the date of the adoption of the U.S.
standards because the 2007 law was largely unexpected and manufacturers would not
have begun adopting technology less than a few years after the law passed.

4.2 Aggregate Results
Figure 7 shows the results for U.S. cars (Panel A) and light trucks (Panel B). The
solid black curve is the cumulative frontier shift since the year 2000. The curve indicates
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that the average fuel economy of U.S. cars would have been 10 percent higher in the year
2010 than in 2000 if all new technology had been used to raise fuel economy and if all
other vehicle characteristics were unchanged from their 2000 levels. The red line is the
change in average fuel economy of model versions in the sample compared to 2000. The
other lines in the figures are the change in fuel economy that would have occurred had
the characteristic been held fixed and the frontier not shifted; that is, they represent the
fuel economy increase by moving along the year 2000 frontier. For example, the
horsepower curve indicates that if horsepower had been held fixed from 2000-2004, cars
would have had about 5 percent higher fuel economy than they actually did. The curve is
computed using the actual horsepower change and the horsepower coefficient reported in
Table 2. The variables are constructed such that the sum of the change in characteristics
is equal to the frontier shift. Therefore, for example, if the frontier shifts out 1 percent in
a given year and fuel economy increases 1 percent in the same year, manufacturers used
all of the technology adoption to raise fuel economy.
Panel A shows that the average fuel economy of U.S. cars was steady from 20002007 as the frontier shifted out steadily. After 2007, however, the rate and direction of
adoption increased dramatically. The frontier shifted out much more quickly from 20082012 than from 2000-2007. Furthermore, whereas fuel economy was steady from 20002008, after 2009 it began increasing at the same rate as the frontier shift; during this time
other vehicle characteristics were roughly constant, indicating that the direction of
technology adoption was entirely towards fuel economy. The timing of these changes is
consistent with the adoption of the standards for cars, although the rate of adoption and
fuel economy for cars began increasing before the 2009 standards were adopted. Gasoline
prices or other factors may have contributed to those changes, which we attempt to
control for in the cross-sectional analysis below.
Figure 8 provides further detail of the changes in the frontier and vehicle
characteristics for U.S. cars. The figure shows results for the 6 companies selling the
most cars over 2000-2012 and the figure is analogous to Figure 7, except that each panel
reports results for a separate company. There are substantial differences across companies
in the rate of technology adoption. For example, the log frontier for Honda increases by
0.17 over the time period, whereas the frontier for Ford increases by 0.26. There are also
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differences in the extent to which companies use frontier shifts to increase fuel economy.
For example, General Motors used most of the frontier shift to raise horsepower while
Toyota used most of the frontier shift to raise fuel economy. Despite this heterogeneity,
however, we observe that for most companies, fuel economy increased considerably and
the frontier shifted out more quickly starting around 2007-2009.
Turning to light trucks in Panel B of Table 7, the first few years show a similar
pattern to the cars: fuel economy is decreasing and the frontier shifts out relatively slowly
(compared to later years), as horsepower increases. Around 2004 the pattern changes,
however, and the frontier begins shifting out more quickly. At the same time, fuel
economy increased at the same rate as the frontier and the other characteristics were
constant. Around 2008 or 2009 the frontier began shifting out more quickly and fuel
economy increased at a faster rate than in earlier years. Thus, like the aggregate patterns
for U.S. cars, the patterns for U.S. light trucks are consistent with the hypothesis that the
standards affected both the rate and direction of technology adoption.
Figure 9 shows light truck results by company for the 6 companies selling the most
light trucks from 2000-2012. Like the car results, Figure 9 shows substantial
heterogeneity across companies in the rate and direction of technology adoption.
However, for most companies the frontier shifts out more quickly starting around 2003
and the rate of adoption increases again in the late 2000s.
Figure 10 shows corresponding results for Europe, although the figure is inverted
because the dependent variable is the CO2 emission rate rather than fuel economy. Panel
A uses estimates from column 1 of Table 4, which includes model-year fixed effects. We
observe that during the first half of the sample, roughly 2005-2007, about half of the
frontier shift was used to reduce emissions rates and the remainder was used to increase
weight and power (the increase in the number of diesel fuel model versions also
contributed to the reduction in emissions rates). After 2008, the rate of adoption increased
and the frontier shifted out more quickly.
Panel B uses estimates from column 2 of Table 4, which includes model trim-year
fixed effects. The rate of adoption increased after 2007, as in Panel A. The European
results, like the U.S. results, are consistent with the hypothesis that the standards affected
the rate of technology adoption. The European evidence for the direction of technology
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adoption is not as strong as the U.S. evidence, however, as about half of the frontier shift
was used to increase fuel economy throughout the sample period.
Figure 11 shows European results by company for the 6 highest-selling companies
during 2005-2010. As with the U.S. results, the rate of technology adoption varies across
companies. The frontier for Renault, for example, shifts out by 4 percent over the five
years, which is about one-third the frontier shift for Opel. The prevalence of diesel fuel
vehicles also varies across companies as the French companies increase the number of
diesel fuel vehicles much more than the other companies. Overall, we observe an increase
in the rate of adoption after 2007 for most of the companies, with Ford being perhaps the
one exception.

4.3 Hypotheses for Cross-sectional Direction and Rate
Although the aggregate results suggested that the standards affected the rate and
direction of technology adoption, there may be confounding influences. For example,
gasoline prices began rising in 2003, which may have caused manufacturers to increase
fuel economy or adopt more technology starting around 2006 (given typical lags in
vehicle design decisions). We next consider whether standards explain variation across
manufacturers in the direction and rate of adoption and control for such potential
confounders.
Although the introduction of each of the three standards (U.S. light trucks in 2003,
U.S. cars and light trucks in 2009, and European cars in 2007) affects the entire market,
the incentives for changing the direction and rate of technology adoption vary across
manufacturers. In Section 2, the first order conditions for the choice of efficiency and
horsepower show that the standards put greater pressure on manufacturers whose
vehicles’ fuel economies are further below the standard than are other manufacturers’
vehicles. More specifically, there is greater pressure because fuel economy of each
vehicle is further below the standard and because the multiplier on the constraint is higher
for firms that are further from the standard. We define the stringency as the difference
between the manufacturer’s fuel economy or emissions rate and the level of the standard.
Stringency varies across manufacturers for two reasons: initial fuel economy varies and
the standard differs across manufacturers because of differences in their vehicle mixes. In
both the United States and Europe, the standards depend on the physical characteristics of
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the vehicle. The U.S. standards for cars and light trucks depend on the footprint, which is
roughly the product of the width of the vehicle and the distance between the axles; larger
vehicles are subject to a lower fuel economy standard. In the footprint or weight systems,
manufacturers with larger or heavier vehicles are subject to a lower fuel economy
standard or a higher emissions rate standard.
Other factors, such as fuel prices or the recession, may also affect incentives for
technology adoption. For example, higher fuel prices could cause manufacturers to direct
technology adoption more towards fuel economy. Or, the recession could raise demand
for smaller, less expensive, cars with higher fuel economy, and increase incentives for
improving the efficiency of those vehicles. To identify the effects of the standards on
manufactures’ behavior, we assume that other shocks are common across vehicles in the
same market segment (small cars, medium cars, etc.), or are proportional to the vehicle’s
fuel economy. This assumption allows us to control for the effect of fuel prices, for
example, whose effect on vehicle demand is inversely proportional the vehicle’s fuel
economy (Klier and Linn 2010). Thus, we allow for the possibility that the effects of
other shocks vary across manufacturers. We are able to identify the effects of the
standards because the standards create incentives at the manufacturer level and because
we can approximate the standards’ stringency. Note that this would be considerably more
difficult if there were costless credit trading across manufacturers; in the simple model in
Section 2, the multiplier on the constraint for the standard would be the same across
manufacturers. However, there was effectively no credit trading in either the United
States or Europe during our sample periods.
We implement a differences-in-differences test of whether the standards differentially
affected the direction and rate of technology adoption. We first discuss how we identify
the effect of the standards on the rate of technology adoption, and then turn to direction.
Consider a light truck in the U.S. market sold by a manufacturer that has a lower average
fuel economy than other manufacturers in 2000, prior to the increase in light truck
standards. The light truck standards are therefore more stringent for this manufacturer
than for other manufacturers. The hypothesis to be tested is whether the rate of
technology adoption increases more for this manufacturer than for other manufacturers
after 2003.
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In the previous section we estimated the log of the frontier for each vehicle model and
year in equation (7). If the standard increases the rate of adoption, the log of the frontier
shifts out more quickly for light trucks sold by the manufacturer with lower fuel economy
than the frontier for light trucks sold by other manufacturers.
We estimate separate regressions for U.S. cars, U.S. light trucks, and European cars.
Each regression is a variation of the following equation:

t mt = g R ln(eF )* Postt + Segm * Postt *ln(em ) + qt + wm + umt

(8)

Observations are at the same level of aggregation as for the frontier estimation in the
previous section. The dependent variable is the model-year fixed effect in equation (7).
The variable Postt is a dummy variable equal to one after the standard has been adopted
(e.g., post-2007 for Europe), and e F is the difference between the log of the
manufacturer’s average fuel economy or emissions rate in the initial year and the log of
the standard; g R is the coefficient on the interaction of Postt and eF . The term
Segi * Postt *ln(em ) represents the triple interaction of market segment fixed effects with

Postt and the log of the average fuel economy or emissions rate of the corresponding
model in the initial year of the sample.
Equation (8) includes year fixed effects and vehicle fixed effects. Note that when
estimating equation (8) we include all lower-order terms for the triple interaction; we
omit these terms in the expression for brevity. Also, for the U.S. light truck standards, we
allow for the possibility that the 2003 and 2009 standards had different effects on the
direction and rate of adoption from one another and estimate a separate g F for each time
period.
The year and vehicle fixed effects support our interpretation of the coefficient g R as
the differences-in-differences estimate of the effect of the standards on the rate of
technology adoption. The vehicle fixed effects control for the average frontier of the
corresponding model over the sample. The time fixed effects control for the average level
of the frontier each year. Because of the vehicle fixed effects, a vehicle’s frontier shift is
measured relative to its initial frontier. Therefore, if a manufacturer with low fuel
economy in 2000 shifts out the frontier more quickly than other manufacturers, g R is
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negative. Note that because of the differences-in-differences approach, a negative
coefficient could indicate a one-time outward shift or that the frontier is shifting out at a
faster rate. Either case would cause the coefficient to be negative, but we cannot
distinguish between them given the small number of years for which we have data after
the standards are adopted.
There are two main threats to the identification of g R . The first is that unobserved
manufacturer or vehicle-level characteristics may be correlated with the stringency
interaction. The vehicle fixed effects control flexibly for any attribute of the vehicle or
manufacturer that is fixed over time. Thus, the fixed effects control for differences across
manufacturers in marginal production costs. Furthermore, the vehicle-specific variables
(the manufacturer’s and model’s average fuel economy) are measured at the beginning of
the sample. Therefore, the new standards do not directly affect these variables. The
underlying identifying assumption is that the initial levels are not correlated with the rate
and direction of technology adoption in the absence of the new standards. For example,
the difference between the fuel economy of General Motors and Toyota cars that existed
prior to 2000 would persist after 2000 in the absence of the new standards. This
assumption cannot be tested directly, but it is supported by the long period of time during
which the standards were constant and compliance behavior was stable—the U.S.
manufacturers met the standards and the Asian manufacturers exceeded the standards
(Jacobsen 2012). The fuel economy and other characteristics of vehicles sold by different
manufacturers did not diverge during this period, which suggests that technology was
improving at the same rate for all manufacturers.
The second potential concern is that other factors, such as fuel prices or the recession,
may also affect vehicle-level incentives for technology adoption. The triple interaction in
equation (8) controls for such effects to the extent that they are common across market
segments or are proportional to the vehicle’s initial fuel economy. Therefore, the
coefficients on the triple interaction terms could capture the effects of fuel prices, the
recession, or other factors; we cannot identify the separate effects of these factors, but our
objective is merely to control for them.
Note that these interaction terms also control for competition between manufacturers
caused by standard. For example, if GM decides to increase fuel economy of its cars to
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meet the standard, Honda and Toyota may decide to increase the fuel economy of their
cars to exceed the standard and attract consumers with high willingness to pay for fuel
economy. If the effect of GM’s fuel economy on Honda and Toyota is the same for cars
in the same market segment, the interaction terms in equation (8) control for this effect.
In short, we are able to identify the direct effect of the standards on the manufacturer’s
rate and direction, controlling for competition among manufacturers as well as other
determinants of the rate and direction.
Next, we turn to the direction of technology adoption. For the United States, we
define the direction as the ratio of the vehicle’s fuel economy to the level of the frontier.
A shift in the direction towards fuel economy would imply an increase in this ratio. The
hypothesis to be tested is that an increase in the stringency of the fuel economy standard
causes the direction to increase. Taking the log of the direction yields the estimating
equation:

ln eit - tˆmt = g D ln(eF )* Postt + Segi * Postt *ln(em ) + qt + wi + uit .

(9)

The dependent variable is the difference between the vehicle’s fuel economy and the
estimated frontier. The coefficient g D is interpreted similarly to g R . The coefficient is
negative if manufacturers with lower initial fuel economy shift towards higher fuel
economy, and if this change is greater for manufacturers that are more constrained.
Similarly, for Europe, the direction is defined as the ratio of the emissions rate to the
frontier. The coefficient g D is negative if manufacturers with a higher initial emissions rate
use technology to reduce emissions rates more than do other manufacturers. Therefore,
we interpret negative estimates as indicating that the standards caused technology
adoption to shift towards raising fuel economy or reducing emissions rates.

4.4 Cross-sectional Results
[Discuss magnitudes: 1 standard deviation change, increase in fuel economy or rate.]
Table 6 shows the results for the United States and Table 7 shows results for Europe.
For the United States, we allow the effects of the standards to vary across three time
periods: 2000-2003, in which light truck and car standards were fixed and gas prices were
low and steady; 2003-2008, in which higher light truck standards were first adopted and
manufacturers may have been responding to rising gasoline prices; and 2009-2012, which
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includes high gasoline prices, the recession, and the adoption of the 2016 standards. The
key independent variables are the interactions between fixed effects for each time period
and the difference between the log manufacturer’s average fuel economy in 2000 and the
log of the fuel economy standard; the more negative is the difference, the more stringent
is the standard.4 As with the frontier estimation in the previous section, we perform
separate estimation for cars and light trucks. We test whether a) the direction and rate of
technology adoption for light trucks differed between the first time period and the
subsequent periods; and b) the direction and rate of adoption for cars differed between the
last period and the previous periods.
Panel A shows results from estimating equation (9), in which we assess the effect of
the standards on the direction of technology adoption. Columns 1-3 show results for cars
and columns 4-6 for light trucks. The columns use different estimates of the model-year
fixed effects to compute the direction variable, as indicated at the bottom of the panel. In
columns 1 and 4 the dependent variable is the frontier estimated in Table 2, in which a
separate frontier is estimated for cars and for light trucks. In columns 2 and 5 the
dependent variable is the frontier estimated in Table 3, in which a separate frontier is
estimated for each market segment. In columns 3 and 6 the frontier is estimated by
company.
The results…
Panel B shows results from equation (8), which focuses on the rate. The results
suggest that the standards increased the rate of adoption for cars in 2009-2012 but that
companies with higher fuel economy did not increase their rate of adoption prior to the
standards. The truck results are also consistent with the hypothesis that the standards
affected the rate of adoption, as the more constrained companies increased their rates of
adoption more than other companies in both time periods. The response for light trucks
for 2003-2008 and not for cars in 2008-2006, combined with the responses for both cars
and light trucks in 2009-2012, provide strong support for the hypothesis that the
standards affected the rate of adoption; confounding factors would have had to affect

4

More specifically, we construct the difference between the log sales-weighted average fuel economy and
the log sales-weighted footprint-based standard, using the 2011 standards for the 2003-2005 and 2006-2007
time periods, and the 2016 standards for the 2008-2012 time period.
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light trucks prior to cars and would have to affect companies in proportion to the
stringency of the standards..
Table 7 reports the results for Europe. The key independent variable is the interaction
of a dummy variable equal to one for 2007-2010 and the difference between the log
emissions rate of the manufacturer and the log of the 2015 standard. As with Table 6,
Panel A of Table 7 focuses on the direction of technology adoption (equation (9)) and
Panel B on the rate (equation (8)). If the coefficients are negative, manufacturers with
higher initial emissions rates increase the rate of adoption and shift technology more
towards reducing emissions rates, compared to other manufacturers.
We do not find strong evidence that the standards affected the direction of technology
adoption. The coefficients are positive and they are small and not statistically significant.
However, we do find that the rate of adoption increased dramatically. The magnitude
implies that a one standard deviation increase in the manufacturer’s emissions rate
increases the rate of adoption by 0.4 percent, compared to the mean rate of adoption of 2
percent. Thus, the magnitude is quantitatively large. We conclude that a) the European
standards did not differentially affect the direction across manufacturers; and b) the
standards increased the rate of adoption more for manufacturers that initially had higher
emissions rates. Both conclusions are consistent with the aggregate results reported in
Figures 10 and 11.

5

The Opportunity Costs of Fuel Economy Standards
The empirical results suggested that tighter standards affected the rate of adoption in

both the United States and Europe and affected the direction in the United States. In this
section, we use the empirical results to estimate the opportunity cost of tightening the
standards in either of the two markets. We focus on opportunity costs because these have
been omitted from previous welfare analysis of fuel economy standards. A complete
estimate of the costs of standards to new vehicle consumers and manufacturers would
require a dynamic model of manufacturer technology adoption and the choice of vehicle
characteristics, and of consumer demand. Because developing such a model would be
beyond the scope of this paper, we instead focus on estimating the opportunity costs to
consumers.
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Although we could base the simulations on the actual standards, to compare results
across the United States and Europe, instead we use the same hypothetical standard for
the two regions. The initial year for the simulations is 2007, which is roughly the
midpoint in both the U.S. and European data sets. The analysis spans 5 years, 2007-2012,
and we estimate the opportunity costs of raising fuel economy 10 percent over that time
period.
We first consider a scenario in which the standards are unchanged from the 2007
levels, to which we refer as the no-policy scenario. We compute the average rate of
technology adoption prior to the standards using the average frontier shift estimated in
equation (7). The average is computed for the years 2000-2002 for U.S. light trucks, for
2000-2006 for U.S. cars, and for 2005-2008 for European cars. To simplify the analysis
we assume that the technology adoption does not affect weight; this assumption is
consistent with the results in Section 4.4. Furthermore, based on the average direction of
technology adoption prior to the standards, we assume that all efficiency improvements
in the United States are used to increase horsepower, whereas efficiency improvements in
Europe increase fuel economy and horsepower in equal proportions (for U.S. light trucks
torque replaces horsepower). These assumptions allow us to compute the 2012 fuel
economy and horsepower of every vehicle in 2007 in both the United States and Europe.
We consider two scenarios of higher standards, where the rate of adoption differs
across scenarios. In the first scenario we assume that the rate of adoption is the same as
the no-policy scenario. In the second, we use the average rate of adoption estimated from
equation (7) over the years 2007-2012 for U.S. cars and light trucks, and over the years
2009-2010 for European cars. Based on these assumptions, we compute the reduction in
horsepower (if any) needed to meet the new standards.
Table 8 presents the results from these simulations. The two rows in each panel show
results from the two scenarios, for low and high rates of technology adoption. The first
column shows the assumed rate of technology adoption. The remaining columns show
the results of the simulations, including the percent change in horsepower relative to the
no-policy case, the consumer willingness-to-pay for the lost horsepower, and the value of
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the fuel savings.5 The willingness to pay for the lost horsepower is computed using the
lower and upper estimates in Klier and Linn (2012), of $10-100 per horsepower per ton.
The range corresponds to the lower and middle values in Whitefoot and Skerlos (2012),
which are estimated from the vehicle demand literature; although the values used in
Table 8 represent a wide range, the range is perhaps conservative.
For the U.S. simulations the opportunity costs—as measured by the willingness to
pay for lost horsepower—are nearly as high as, or much higher than, the fuel savings,
depending on the assumptions. The European opportunity costs are lower than the U.S.
opportunity costs, but are still sizeable compared to the fuel savings for most of the
possible cases. The U.S. opportunity costs are so high because of the relatively low rates
of technology adoption (compared to the rates for Europe), and the fact that a very high
fraction of U.S. technology adoption is devoted to raising horsepower in the absence of
the standards.

6

Conclusion
[To be completed.]

7
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Figure 1: Fraction Change in Fuel Economy, Weight and Power,
1975-2008 for Cars Sold by U.S. Manufacturers
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Notes: The figure reports the percent change of the sales-weighted mean fuel economy (in MPG), weight (in
pounds) and horsepower, relative to 1975. Data are from Klier and Linn (2012).

Figure 2. Technology Frontier

Fuel
economy
η′′

η′

Horsepower (h)
Notes : The solid curve shows the maximum fuel economy (m) as a function of horsepower (h) for a power
train with efficiency η'. The dashed curve shows the maximum fuel efficiency for a power train with a
higher efficiency, η''.

Figure 3. No-Policy Equilibrium
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economy

Xs+1
Xs

Horsepower (h)
Notes : The figure plots the vehicle's fuel economy against its horsepower. The
solid curve represents the technological tradeoff between fuel economy and
horsepower at time t = s for the chosen efficiency ηs . The dashed curve
represents the technological tradeoff at time t = s + 1 for the chosen efficiency
ηs+1 > ηs. The downward-sloping lines represent indifference curves at times t
= s and time t = s + 1 . The points Xs and Xs + 1 are the equilibriums at times s
and s + 1 .

Figure 4. Equilibrium with a Fuel Economy Standard
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Fuel
economy
Xs
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Horsepower (h)
Notes : The figure shows the equilibrium in period s + 1 caused by imposing a fuel economy
standard of m*. The equilibrium is at the point X*s + 1, which is the intersection fo the frontier
and the diagonal line representing the indifference curve at the equilibrium.

Figure 5. EPA/NHTSA Welfare Analysis
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Notes : The inner dashed curve is the frontier if the manufacturer increases efficiency enough so
that the vehicle meets the standard at t = s + 1 and has the same horsepower as at t = s. The
efficiency at this frontier is η(EPA). The outer dashed curve represents the technological
tradeoff when efficiency improves enough so that the vehicle meets the standard and has the
same horsepower as at t = s + 1 in the no-policy case. The efficiency at this frontier is greater
than η(EPA).

Figure 6: Fuel Economy, Horsepower, and Weight
Panel A: United States
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Panel B: Europe
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Notes : Panel A plots the percent change in sales-weighted fuel economy, weight, and power since
2000 for the United States using the same data set as Table 1. Panel B plots percent changes in
registration-weighted fuel economy, weight, and power since 2005 for Europe using the same data
set as Table 1.

Figure 7: U.S. Technology Adoption, 2000-2012
Panel A: Cars
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Panel B: Light Trucks
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Notes : The solid curve plots the change in technology frontie in Europe from 2005-2010. In panel A the
frontier plots the change in time fixed effects estimated in column 2 of Table 3 and in Panel B the frontier
plots the average annual model-year fixed effects estimated in column 3 of Table 3. Fuel economy is the
change since 2005 in average log fuel economy across specifications. Horsepower, weight, and diesel
represent the increase in fuel economy that would have been possible if these characteristics had remained at
their 2005 levels. The variables are computed using the log change in the characteristic since 2005, multiplied
by the negative of the coefficient on the corresponding characteristic from the regressions in Table 3. The
Other variable is computed similarly, using changes in the number of gears, number of cylinders, and
transmission type.

Figure 8: U.S. Technology Adoption by Company, Cars
Panel A: General Motors
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Panel B: Toyota
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Panel C: Ford
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Panel D: Honda
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Panel E: Nissan
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Panel F: Chrysler
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Figure 9: U.S. Technology Adoption by Company, Trucks
Panel A: General Motors
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Panel D: Toyota
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Panel E: Honda
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Panel F: Nissan
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Figure 10: European Technology Adoption, 2005-2010
Panel A: Year Fixed Effects
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Panel B: Model-Year Interactions
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Notes : The solid curve plots the change in technology frontie in Europe from 2005-2010. In panel A the
frontier plots the change in time fixed effects estimated in column 1 of Table 4 and in Panel B the frontier
plots the average annual model group-year fixed effects estimated in column 2 of Table 4. Fuel economy is
the change since 2005 in average log fuel economy across specifications. Horsepower, weight, and diesel
represent the increase in fuel economy that would have been possible if these characteristics had remained at
their 2005 levels. The variables are computed using the log change in the characteristic since 2005, multiplied
by the negative of the coefficient on the corresponding characteristic from the regressions in Table 3. The
Other variable is computed similarly, using changes in the number of gears, number of cylinders, and
transmission type.

Figure 11: European Technology Adoption by Company
Panel A: VW
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Table 1

Summary Statistics for the United States and Europe, 2005 and 2010
United States

Europe

2005

2010

2005

2010

Sales /
registrations

12,704.18
(12,539.77)

6,824.82
(8,045.94)

268.16
(829.10)

203.75
(628.82)

Fuel economy
(mpg)

25.78
(6.37)

26.95
(7.07)

34.47
(8.94)

38.16
(9.27)

Horsepower

224.50
(65.91)

256.24
(77.70)

134.44
(56.02)

150.01
(68.33)

Weight (tons)

1.96
(0.42)

2.08
(0.46)

2.09
(0.37)

2.21
(0.42)

Number of
obserations

1,145

1,487

46,526

47,901

Notes : The table reports the means of the indicated variables with standard deviations in parentheses for 2005
and 2010. The United States data set includes observations by model variant from 2000-2011 and the European
data set includes observations by specification for 2005-2010. For the United States, weight is the curbweight
and for Europe, weight is the gross vehicle weight. See text for details on the construction of the data sets.

Table 2

United States: Tradeoffs Between Fuel Economy and Other Vehicle Characteristics
(1)

(2)
Dependent variable: log fuel economy

Log horsepower /
torque

-0.311
(0.022)

-0.154
(0.020)

Log weight

-0.188
(0.046)

-0.351
(0.034)

Manual
transmission

0.001
(0.005)

-0.006
(0.005)

Hybrid

0.239
(0.020)

0.308
(0.010)

Number of
observations

7,212

11,524

R2

0.926

0.892

Sample includes

Cars

Light trucks

Model-year and number of cylinders

Model-year and number of cylinders

Diesel fuel

Regression includes
fixed effects for

Notes : The table reports coefficient estimates with standard errors in parentheses, which are clustered by
model and year. Observations are by model variant and year, and the dependent variable is log fuel economy.
Besides the reported variables, the regressions include the variables indicated at the bottom of the table. The
sample includes cars in column 1 and light trucks in column 2. Column 1 uses the log of horsepower as an
independent variable and column 2 uses the log of torque.

Table 3

Tradeoffs by Segment: United States
(1)

(2)

(3)

(4)

(5)

(6)

(7)

Dependent variable: log fuel economy
Log horsepower /
torque

-0.437
(0.040)

-0.226
(0.057)

-0.230
(0.017)

-0.108
(0.025)

-0.061
(0.036)

-0.143
(0.070)

-0.170
(0.029)

Log weight

-0.059
(0.139)

-0.180
(0.066)

-0.210
(0.050)

-0.477
(0.097)

-0.578
(0.042)

-0.308
(0.050)

-0.299
(0.037)

Manual
transmission

0.025
(0.011)

0.007
(0.006)

-0.015
(0.007)

0.011
(0.008)

0.004
(0.007)

-0.009
(0.006)

Hybrid

0.279
(0.036)

0.284
(0.024)

0.133
(0.032)

0.330
(0.015)

0.319
(0.020)

0.347
(0.010)

Number of
observations

1,887

2,370

2,955

1,895

2,762

1,113

5,754

R2

0.862

0.919

0.865

0.887

0.844

0.909

0.778

Small cars

Medium cars

Large/luxury cars

CUVs

SUVs

Vans

Pickups

Diesel fuel

Sample includes

Notes : The table reports coefficient estimates with standard errors in parentheses clustered by model and year. Each column reports a similar
regression to those reported in Table 2 except that the sample is restricted to included observations from the market segment indicated at the bottom
of the table.

Table 4

Europe: Tradeoffs Between CO2 Emissions Rate and Other Vehicle Characteristics
(1)

(2)

Dependent variable: log CO2 emissions rate
Log horsepower

0.190
(0.006)

0.158
(0.008)

Log weight

0.307
(0.018)

0.241
(0.027)

Diesel fuel

-0.174
(0.002)

-0.172
(0.003)

Manual transmission

-0.071
(0.002)

-0.076
(0.002)

Number of
observations

276,435

276,435

0.916

0.944

Number of cylinders and model-year fixed
effects

Column (1) plus model trim-year fixed
effects

R2
Regression includes
fixed effects for

Notes : The table reports coefficient estimates with standard errors in parentheses, which are clustered by
model and year. Observations are by specification and year, and the dependent variable is log of the CO2
emissions rate. Besides the reported variables, the regressions include the variables indicated at the bottom of
the table. A model trim includes all specifications with the same model, body type, number of doors, driven
wheels, and trim level.

Table 5

Tradeoffs by Segment: Europe
(1)

(2)

(3)

(4)

(5)

(6)

Dependent variable: log CO2 emissions rate
Log horsepower

0.110
(0.033)

0.150
(0.009)

0.225
(0.012)

0.119
(0.011)

0.024
(0.017)

-0.051
(0.036)

Log weight

0.336
(0.070)

0.273
(0.046)

0.222
(0.063)

0.225
(0.038)

0.135
(0.057)

0.101
(0.090)

Diesel fuel

-0.147
(0.014)

-0.195
(0.005)

-0.171
(0.007)

-0.168
(0.003)

-0.162
(0.006)

-0.143
(0.012)

Manual
transmission

-0.058
(0.018)

-0.072
(0.005)

-0.080
(0.004)

-0.081
(0.003)

-0.060
(0.005)

-0.001
(0.015)

Number of
observations

8,263

47,425

91,430

90,206

35,170

3,882

R2

0.902

0.886

0.857

0.914

0.942

0.950

Sample includes

Mini

Small

Lower Medium

Medium

Upper Medium

Large

Notes : The table reports coefficient estimates with standard errors in parentheses, clustered by model and year. Each column
reports a similar regression to column 2 of Table 4 except that the sample is restricted to included observations from the market
segment indicated at the bottom of the table.

Table 6

Effect of U.S. Standards on Direction and Rate of Technology Adoption
(1)

(2)

(3)

(4)

(5)

(6)

Panel A: direction
Log company mpg
X 2003-2008

-0.017
(0.089)

0.037
(0.041)

0.017
(0.040)

-0.301
(0.143)

-0.264
(0.158)

-0.079
(0.096)

Log company mpg
X 2009-2012

-0.150
(0.095)

0.082
(0.049)

0.020
(0.050)

-0.423
(0.171)

-0.513
(0.159)

-0.006
(0.099)

Number of
observations

7,212

7,212

7,212

11,326

11,326

11,326

R2

0.824

0.898

0.884

0.832

0.728

0.878

Sample includes

Cars

Cars

Cars

Light trucks

Light trucks

Light trucks

Entire market

Market
segment

Company

Entire market

Market
segment

Company

Frontier
estimated by

Panel B: rate
Log company mpg
X 2003-2008

-0.033
(0.041)

-0.033
(0.039)

-0.022
(0.042)

-0.171
(0.066)

-0.167
(0.074)

-0.566
(0.523)

Log company mpg
X 2009-2012

-0.087
(0.048)

-0.078
(0.047)

-0.014
(0.049)

-0.096
(0.068)

-0.076
(0.073)

-0.245
(0.520)

1,616

1,616

1,616

1,116

1,116

1,116

0.793

0.791

0.805

0.849

0.827

0.712

Cars

Cars

Cars

Light trucks

Light trucks

Light trucks

Entire market

Market
segment

Company

Entire market

Market
segment

Company

Number of
observations
R

2

Sample includes
Frontier
estimated by

Notes : The table reports coefficient estimates with standard errors in parentheses, clustered by model and
year. Observations are by model variant and year. Regressions in columns 1-3 include cars and regressions in
columns 4-6 include light trucks. In Panel A, the dependent variable is the difference between the log of fuel
economy and the estimated model-year fixed effect. The dependent variable in Panel B is the estimated modelyear fixed effect. Columns 1 and 4 use the model-year fixed effects estimates from Table 2, columns 2 and 6
estimates from Table 4, and column 3 and 6 use estimateds from Appendix Table 3. The log company mpg is the
difference between the sales-weighted fuel economy in 2000 and the sales-weighted standard for the
corresponding company and vehicle type. The calculation uses the 2016 standards. All regressions include model
fixed effects and triple interactions between year, market segment, and the fuel economy of the model in 2000,
along with all associated main effects and double interaction terms.

Table 7

Effect of European Emissions Rate Standards on Direction and Rate of Technology
Adoption
(1)

(2)

(3)

Panel A: direction
Log brand CO2 X
post 2007

0.011
(0.008)

0.008
(0.008)

0.011
(0.008)

Number of
observations

242,695

242,695

242,695

0.594

0.733

0.604

R2

Panel B: rate
Log brand CO2 X
post 2007

-0.048
(0.017)

-0.037
(0.014)

-0.042
(0.014)

Number of
observations

55,748

55,723

55,748

R2

0.818

0.950

0.964

Entire market

Market segment

Company

Frontier
estimated by

Notes : The table reports coefficient estimates with standard errors in parentheses clustered by model and year.
Observations are by specification and year. The dependent variable in Panel A is the difference between log CO2
emissions rate and the model trim-year fixed effects. The dependent variable in Panel B is the midel trim-year
fixed effects. Column 1 uses the fixed effects estimated in column 2 of Table 4, column 2 uses the fixed effects
estimated in the segment-level regressions reported in Table 5, and column 3 uses the fixed effects estimated in
the brand-level regressions reported in Appendix Table 3. The log brand CO2 emissions rate is the difference
between the log registration-weighted brand emissions rate in 2005 and the log registration-weighted 2015
standard for the corresponding brand, adjusted by weight. The variable is interacted with a dummy variable
equal to one for years 2007-2010. Regressions include year fixed effects, the interactions between a post-2007
dummy variable and market segment fixed effects, the interaction between the model's 2005 emissions rate
and a post-2008 dummy variable, the interaction between the model's 2005 emissions rate and a set of segment
fixed effects, and the interaction between the log of the model's 2005 emissions rate interacted with the post2008 by segment interactions. All columns include model trim fixed effects.

Table 8

Effects on Consumer Welfare of a 10 Percent Fuel Economy Increase
(1)

(2)

(3)

(4)

(5)

Frontier shift

Fraction
horsepower
change

WTP for
horsepower /
torque change
(low, 2005 $)

WTP for
horsepower /
torque change
(high, 2005$)

WTP for mpg
change (2005 $)

Panel A: United States
Low technology
adoption

0.061

-0.273

-655

-6,551

789

High technology
adoption

0.109

-0.153

-366

-3,656

789

Panel B: Europe
Low technology
adoption

0.046

-0.464

-515

-5,151

1,513

High technology
adoption

0.117

-0.164

-182

-1,822

1,513

Notes : The table reports results of a hypothetical fuel economy standard that raises fuel economy of all
vehicles by 10 percent over 5 years. Panel A shows results for the United States and Panel B shows results for
Europe. Each row represents a separate simulation performed on all vehicles in the 2007 data, such that the
standard is imposed in 2012. The low technology adoption scenario assumes that the technology frontier
shifts out by the average amount observed over 2000-2007 for U.S. cars, 2000-2002 for U.S. trucks, and 20052006 for European cars. The high technology adoption scenario assumes that the frontier shifts out at the
average rate over 2008-2012 for U.S. cars and light trucks and over 2007-2010 for European cars. The frontier
shift is the fractional change in the technology frontier. The unregulated scenarios allows the frontier to shift
out at the same rate as the low technology adoption case. The unregulated fuel economy for each vehicle is
computed using the frontier shift and the fraction of technology adoption used to increase fuel economy in
the absence of regulation, computed using the ratio of the percent change in average fuel economy to the
percent frontier shift during the time periods used to compute the unregulated frontier shift. The unregulated
horsepower or torque increase is calculated assuming that the remaining technology adoption is used to
increase horsepower or torque (horsepower for U.S. cars and European cars and torque for U.S. light trucks).
Horsepower or torque in each scenario is computed using the corresponding frontier shift and assuming that
all technology adoption not used to increase fuel economy by 10 percent is used to increase horsepower or
torque. The fraction change in horsepower or torque is the difference between the horsepower or torque in
the scenario and the unregulated horsepower or torque, where observations are weighted by 2007
registrations. The WTP for the horsepower or torque changes is computed using a value of $10 per
horsepower or torque per ton in column 3 and a value of $100 per horsepower or torque per ton in column 4.
In column 5 the WTP for the fuel economy increase is calculated using a fuel price of $6.15 per gallon in
Europe, a 10 percent discount rate, and the VMT and survival estimates in U.S. EPA (2012). All WTP estimates
are in 2005 dollars and all observations are weighted by 2007 registrations.

Appendix Table 1

Tradeoffs by Company: U.S. Cars
(1)

(2)

(3)

(4)

(5)

(6)

(7)

Dependent variable: log fuel economy
Log horsepower

-0.239
(0.034)

-0.143
(0.042)

-0.022
(0.065)

-0.344
(0.058)

-0.297
(0.081)

-0.223
(0.030)

-0.356
(0.028)

Log weight

-0.556
(0.110)

-0.750
(0.185)

-0.412
(0.133)

-0.508
(0.236)

-0.370
(0.133)

-0.106
(0.089)

-0.069
(0.057)

Manual
transmission

0.005
(0.014)

-0.012
(0.010)

-0.008
(0.014)

-0.024
(0.011)

-0.015
(0.010)

0.044
(0.011)

0.000
(0.007)

Hybrid

0.150
(0.022)

0.228
(0.050)

0.495
(0.025)

0.302
(0.033)

0.305
(0.035)

Number of
observations

1,073

545

655

439

426

612

3,462

R2

0.947

0.980

0.954

0.969

0.963

0.872

0.893

GM

Toyota

Ford

Honda

Nissan

Chrysler

Outside top 6

Diesel fuel

Sample includes

0.137
(0.040)

Notes : The table reports coefficient estimates with standard errors in parentheses, which are clustered by model and year. Regressions are the same as
Table 2 except that the samples include the companies indicated at the bottom of the table.

Appendix Table 2

Tradeoffs by Company: U.S. Light Trucks
(1)

(2)

(3)

(4)

(5)

(6)

(7)

Dependent variable: log fuel economy
Log torque

-0.186
(0.022)

-0.175
(0.049)

0.028
(0.031)

-0.065
(0.060)

4.840
(0.278)

-0.221
(0.052)

-0.131
(0.032)

Log weight

-0.378
(0.038)

-0.344
(0.070)

-0.383
(0.029)

-0.428
(0.139)

-0.678
(0.152)

-0.136
(0.100)

-0.556
(0.085)

Manual
transmission

-0.025
(0.006)

-0.005
(0.012)

0.038
(0.012)

-0.029
(0.015)

-0.053
(0.034)

0.013
(0.006)

-0.006
(0.007)

Hybrid

0.320
(0.013)

0.248
(0.021)

Number of
observations

4,066

2,370

1,826

895

258

737

1,372

R2

0.829

0.893

0.904

0.931

0.942

0.859

0.954

GM

Ford

Chrysler

Toyota

Honda

Nissan

Outside top 6

Diesel fuel

Sample includes

0.361
(0.017)

0.280
(0.028)

Notes : The table reports coefficient estimates with standard errors in parentheses, which are clustered by model and year. Regressions are the same as
Table 2 except that the samples include the companies indicated at the bottom of the table.

Appendix Table 3

Tradeoffs by Company: Europe
(1)

(2)

(3)

(4)

(5)

(6)

(7)

Dependent variable: log fuel economy
Log horsepower /
torque

0.102
(0.011)

0.188
(0.016)

0.153
(0.018)

0.181
(0.025)

0.129
(0.025)

0.303
(0.022)

0.133
(0.009)

Log weight

0.147
(0.072)

0.774
(0.112)

0.225
(0.091)

0.274
(0.096)

0.197
(0.092)

0.092
(0.080)

0.196
(0.026)

Diesel fuel

-0.161
(0.006)

-0.221
(0.011)

-0.192
(0.007)

-0.209
(0.005)

-0.212
(0.007)

-0.121
(0.007)

-0.160
(0.003)

Manual
transmission

-0.072
(0.009)

-0.100
(0.005)

-0.125
(0.007)

-0.096
(0.005)

-0.089
(0.013)

-0.097
(0.006)

-0.064
(0.002)

Number of
observations

21,676

24,987

14,649

16,599

10,438

15,292

172,794

0.928

0.901

0.932

0.943

0.939

0.903

0.954

VW

Renault

Ford

Peugeot

Citroen

Opel

Outside top 6

R

2

Sample includes

Notes : The table reports coefficient estimates with standard errors in parentheses, which are clustered by model and year. Regressions are the same as
column 4 of Table 4 except that the samples include the brands indicated at the bottom of the table.

