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Chapter 1  

INTRODUCTION 

1.1   Introduction 

In response to the fuel crisis of the mid-1970s, Corporate Average Fuel Economy 

(CAFE) standards were introduced to establish mandatory fuel economy targets for all 

new automobiles sold in the United States since the late 1970s. While these standards 

were originally implemented to reduce the dependence on imported oil, the current 

rationale for CAFE standards is their role in reducing carbon emission and climate 

change. Critics of higher fuel economy standards have long argued that improving 

vehicle fuel economy encourages downweighting of vehicles, and that more use of 

lighter vehicles will adversely affect road safety. Previous research has argued that CAFE 

inevitably leads to lighter cars that are inherently less safe than the cars would be 

produced without binding fuel economy constraints, appears to be a very costly social 

policy (Evans, 1984; Crandall and Graham, 1989; National Research Council, 2002). 

Since consumers continually demand better, safer and more efficient vehicles, two of 

the grand challenges facing automobile manufacturers today are to increase fuel 

efficiency and to enhance occupant safety and which both of these areas have been 

significant advances in recent years. Efforts to improve motor vehicle fuel efficiency 

include the development of various engine technologies (replacing carburetors with fuel 
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injection, turbochargers or superchargers, cylinder deactivation, etc.), alternative 

powertrains (e.g., bio-fuels, electric vehicles, hybrid technology, etc.), and more efficient 

transmissions (e.g., utilizing more speeds, variable speed transmissions, torque 

converter lock-up etc.). Similarly, changes in automotive safety technologies today are 

much more rapid than they ever were, and there are two major areas of technological 

changes with respect to vehicle safety. First, the impact of crashes is being mitigated: 

standard vehicle body structures such as energy-absorbing frontal from hales, bumpers, 

and hood support beams are optimized, occupant restraint system components such as 

seat belts, pretensioners, and air bags have been well publicized (Siveveka et al., 2001; 

Good et al., 2008). Second, crash avoidance technology and active safety system such as 

anti-lock braking system (ABS) and Electronic Stability Control (ESC) are becoming 

increasing effective and there remains great potential to further reduce fatalities 

(Knittel, 2012).  

    Given the fact that fuel efficiency and safety technologies are now being developed 

and deployed rapidly, saving gasoline and lives while incidentally rendering older 

analyses obsolete, this dissertation will provide further discussions and insights on the 

relationship between fuel economy and vehicle safety using new empirical evidence. 

The different roles of size and weight are at the center of our concern; they have not yet 

been definitively separated in most studies. 

Another major component of this dissertation research is to study the impacts of the 

2011 U.S. CAFE reform. Responding to criticisms that the old CAFE standards 

encouraged the production of smaller and lighter vehicles, starting in 2011 the CAFE 
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standards are newly expressed as mathematical functions depending on vehicle 

footprint, a measure of vehicle size determined by multiplying the vehicle’s wheelbase 

by its average track width. This dissertation research employs an empirically estimated 

medium-run model to study the equilibrium effects of the 2011 CAFE reform. Micro-

level data and counterfactual policy simulations are used to investigate the welfare 

implications of the “attribute-basing” structure (i.e., in which regulatory compliance 

depends upon some secondary attribute that is not the intended target of the 

regulation) of the footprint-based CAFE standards, including both potential benefits and 

likely costs. 

    This dissertation is comprised of four chapters. Chapter 1 provides a review of the 

state of research in the areas of environmental regulations and market response, motor 

vehicle safety, attribute-based regulations, and supply and demand modeling. Chapter 2 

reports the results of an effort to shed some light on the relationship that might exist 

between enhanced fuel economy standards and single-vehicle highway fatalities. 

Chapter 3 evaluates the 2011 U.S. CAFE reform in a medium-run model with producer 

heterogeneity. A summary of this research and opportunities for further developments 

are discussed in Chapter 4.  

1.2   Literature Review 

    Section 1.2 provides a review of the state of research in the areas of environmental 

regulations and market response, motor vehicle safety, attribute-based regulations, and 

supply and demand modeling. 
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1.2.1   Environmental Regulations and Market Response 

Transport is responsible for about 20 percent of global greenhouse gas emission. To 

save the climate, transportation is an obvious and visible target for regulators. In the 

wake of the Arab Oil embargo, to improve the average fuel economy of vehicles, the 

fuel economy targets were regulated and specified for new passenger cars and light 

trucks sold in the U.S. by the CAFE standards since the Energy Policy and Conservation 

Act of 1975 (EPCA).  

In addition, the U.S. federal and state governments believe that increased cost of fuel 

would potentially encourage less fuel consumption and also reduce America’s 

dependence on foreign oil, and therefore excise tax on gasoline. The first federal 

gasoline tax in the U.S. was created in June 1932 and the first U.S. state tax on fuel was 

introduced in February 1919 in Oregon. There is a substantial literature pertaining to the 

impacts of environmental regulations on the automobile industry, from CAFE standards 

to gasoline taxes and feebates.  

Policymakers in the U.S. have been discussing feebates as an alternative to CAFE 

standards since the early 1990s. Feebate is a portmanteau of “fee” and “rebate” and the 

basic idea of feebates is simple: the least efficient vehicles are levied a surcharge (i.e., 

the “fee”) and the most efficient ones are awarded a rebate (i.e., the “bate”). Feebates 

are considered as an incentive policy that could accelerate the production and adoption 

of more fuel efficient vehicles, and thus encourage the continuous improvement to 

automobile fuel economy and greenhouse gas emission. Feebates have already been 
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implemented in Ontario in 1991 and, more recently, on a national basis in Canada and 

France (Anderson, 2011).  

1.2.1.1   Impacts of CAFE Standards 

    Shiau, Michalek, and Hendrikson (2009) present a structural analysis of how 

automakers respond to generic CAFE policies. Rather than studying vehicle design 

responses in long-run oligopolistic equilibrium, they view vehicles as differentiated 

products, taking demand as a general function of price and product attributes. This 

study suggests that firms ignore CAFE when the standards are low, treat CAFE as a 

vehicle design constraint for moderate standards, and violate CAFE when the standards 

are high. Whitefoot and Skerlos (2012) study firms’ responses to a tightening of CAFE 

standard in medium-run model using a wide range of simulated scenarios for consumer 

preferences. Their results suggest that the footprint-based CAFE standards create an 

incentive for firms to increase vehicle size except when consumer preference for vehicle 

size is low and for acceleration is very high. Klier and Linn (2012) focus on the medium-

run effects of CAFE standards and find that firms significantly reduced the power and 

weight of vehicles sold in the late 1970s and early 1980s to increase fuel economy, but 

technologies progress caused weight and power to recover in the long run.  

1.2.1.2   Gasoline Taxes and Feebates 

    Bento, Goulder, Jacobsen, and Von Haefen (2009) examine the impacts of increased 

U.S. gasoline taxes with a model that links the markets for new, used, and scrapped 
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vehicles. They find that each cent-per-gallon increase in the price of gasoline reduces 

the equilibrium gasoline consumption by about 0.2 percent; and the impacts on the 

used car market change significantly over time. Using monthly new vehicle sales data 

from 1970 to 2007, Klier and Linn (2010) implement a new identification strategy to 

estimate the effect of gasoline prices on new vehicle demand and find a significant 

demand response: as nearly half of the decline in market share of U.S. automakers from 

2002-2007 was due to the increases in gasoline prices, while a gasoline tax increase 

would only have a modest effect on average fuel efficiency.  

1.2.1.3   Vehicle Development Process 

The design response of an automotive manufacturer to a fuel efficiency standard 

depends substantially on the structure of vehicle development process. This process is a 

structured sequence of interrelated decisions, many of which constrain choices made at 

later stages (Sörensen 2006). The typical design process begins with a target catalog 

specifying vehicle design features, including concept development, followed by a 

system-level design that defines the geometric layout of a vehicle, followed by a 

detailed design of all subsystems (Braess and Seiffert, 2005; Sörensen 2006; Weber 

2009). Figure 1.1 provides a stylized representation of this design process (Whitefoot, 

Fowlie and Skerlos, 2011). The choice of target dimensions at the beginning of this 

process impacts the resulting production costs of each vehicle in the model line. 
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Figure 1.1   Simplified Presentation of an Automotive Development Process 

 

1.2.2   Motor Vehicle Safety 

Motor vehicle crashes are the leading cause of death in the U.S., more than 32,000 

people died from motor vehicle crashes in 2014 alone. This section first provides an 

introduction to the data measuring vehicle safety in the U.S., then reviews previous 

research on the effects of different vehicle attributes on traffic safety, and followed by a 

discussion on the potential trade-off between traffic safety and enhanced vehicle fuel 

efficiency.  

1.2.2.1   Data on Safety Variable 

    Vehicle safety can be measured in a variety ways, and most researchers do so using 

data from on-road crash events or physical-based analysis. In the U.S., crash data are 

collected by both local and national authorities, and the federal government, as well as 

some states, has crash and injury databases. The National Automotive Sampling System 

(NASS) provides National Highway Traffic Safety Administration (NHTSA) an efficient and 

reusable resource. NASS is composed of two systems: the Crashworthiness Data System 

(CDS) data, which focus on passenger vehicle crashes, and are used to investigate injury 

mechanisms to identify potential improvements in vehicle design; and the General 

Estimates System (GES) data, which focus on the bigger overall crash picture, and are 
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used for problem size assessments and tracking trends. In addition, Fatality Analysis 

Reporting System (FARS) was created by the NHTSA to provide the American public 

yearly data regarding fatal injuries suffered in motor vehicle traffic crashes.  

1.2.2.2   Safety Effects of Weight 

The impacts of vehicle weight on occupant injury risks in a crash have been firmly 

established in many studies conducted over the last few decades, and continue to be 

redefined. Crandall and Graham (1989) look at passenger car weight versus traffic 

fatalities from 1947 to 1981, and link higher highway fatality risks to decreases in vehicle 

weight. Kahane (1997) examines across-the board weight reductions using FARS data 

spanning 1985-1993, and estimates that the net effect of a 100 lb reduction in 

passenger car weight is an annual increase of 302 fatalities.  

Many academics agree that the occupants of heavier vehicles are at lower risk than 

are the occupants of lighter vehicles. Using the NHTSA’s FARS data for 1975 to 1989, 

Evan and Frick (1993) study the relationship between mass ratio and relative driver 

fatality risk in two-vehicle crashes, and claim that, when other factors are equal, the 

lighter the vehicle the less risk to other road users and the heavier the vehicle the less 

risk to its occupants. These results are very similar to those of Anderson and 

Auffhammer (2014): using micro-level police-reported accident data, including both 

fatal and non-fatal, across 8 heterogeneous states, they find that heavier vehicles were 

safer for their own occupants but more hazardous for other vehicles.  
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1.2.2.3   Weight vs. Size  

    Among all these empirical studies of vehicle safety, most researchers have treated 

weight and size interchangeably, and have used only the weight variable in their 

quantitative analyses; while littler research has been done on the effect of vehicle size, 

independent of weight with few exceptions. Joksch, Massie, and Pichler (1998) analyze 

car crashes between 1991 and 1994 with respect to curb weight relative to the normal, 

or average, weight at a given wheelbase. As is true of other studies in early 1990s, 

Jocsch, Massie, and Pichler find that the fatality risk for occupants decreases with 

increased weight and size. But they find there is no significant reduction in risk for the 

drivers of cars heavier than normal for a given wheelbase and conclude that car size is 

important for safety independent of car weight. 

Vehicle size is important for safety independent of vehicle weight, for two reasons. 

First, the higher rollover rates of lighter vehicles appear to be caused by size rather than 

weight. It is because as vehicles become smaller, so does their track width, with 

consequence reduction in rollover resistance (Kahane, 1989; Partyka, 1989). Second, the 

laws of physics are compelling that the average deceleration of the passenger 

compartment in a crash is inversely related to crush space, and the crush space is 

designed to absorb crash energy and to reduce forces reaching the passenger 

compartment (O’Neil, 1998).  

Van Auken and Zellner (2005) assess the effects of vehicle weight and size on fatality 

risk in 1985 to 1998 model year passenger cars and 1985 to 1997 model year light trucks 
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and vans, and their aggregate regression results infer that reduced vehicle curb weight 

would decrease the total number of fatalities while reduced wheelbase and/or track 

would increase the total number of fatalities.   

1.2.2.4   Stability and Rollover 

Rollover crashes kill more than 10,000 occupants of passenger vehicles each year. 

NHTSA starts including rollover information as part of its New Car Assessment Program 

(NCAP) ratings to determine crash worthiness and rollover safety since model year 2001 

(NHTSA, 2005). The likelihood of rollovers depends primarily on design features, such as 

height of center of mass, track width, and stiffness of suspension with respect to roll 

(Gillespie, 1992).  

Previous researchers in the automotive industry have developed numerous metrics to 

quantify rollover stability. A simple but useful metric is the Static Stability Factor (SSF), 

which is computed as the ratio of the lateral position of the vehicle center-of gravity to 

the vertical position (Roper, 2001; Hac, 2002).  

Khazzoom’s study (1994) on single-vehicle highway fatalities for passenger cars 

demonstrates that weight and size are not a proxy to each other. Specifically, he uses 

curb weight and SSF as the indicators of vehicle weight and vehicle size, respectively, 

and finds that increased curb weight increases the risk of fatalities in single-vehicle 

crashes, while increased stability (i.e., greater width and lower center of gravity) lowers 

the risk of fatalities in single-vehicle crashes.  
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1.2.2.5   Safety vs. Fuel Economy 

The cornerstone of the argument that there exists a trade-off between traffic safety 

and vehicle fuel economy has been the perceived benefit of vehicle weight to safety. 

This is because one of the most direct ways available for automobile manufacturers to 

increase fuel efficiency is to reduce the vehicle weight, and the opponents of increasing 

fuel economy standards observe that heavier vehicles provide a greater protection to 

their occupants in a crash than do lighter vehicles.  

Several researchers have estimated that an across-the-board reduction of vehicle 

weight would reduce passenger safety, and assert that the CAFE standards force people 

into lighter vehicles and that more use of lighter vehicles will adversely affect road 

safety. Crandall and Graham (1989) look at passenger car weight versus traffic fatalities 

from 1947 to 1981, link higher fuel economy levels to decreases in vehicle weight, and 

conclude that CAFE is responsible for several thousand additional fatalities over the life 

of each model year (MY)’s cars. Jacobsen (2013b) addresses the safety impact of CAFE 

and estimates an adverse safety effect of 33 cents per gallon of gasoline saved. 

Notwithstanding most people have this intuitive understanding that there is a basic 

trade-off between vehicle safety and fuel economy, where the link between the two is 

vehicle weight, in the new vehicle design process, this is rarely viewed as a trade-off. 

Using aggregated state-level data, Noland (2004) analyzes the impact of changes in CAFE 

on traffic-related fatalities. After controlling for other confounding effects, he suggests 

that if cars of early MYs (i.e., 1975-1977 MYs) were excluded from the analysis, it is not 
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possible to find a statistically significant relationship between fuel economy and 

highway fatalities. Ahmad and Greene (2005) study the relationship between U.S. light-

duty vehicle fuel economy and highway fatalities from 1966 to 2002; both the 

cointegration analysis and the log-log model result reveal that national statistics cannot 

support the assertion that increased fuel economy has led to increased traffic fatalities. 

Zachariadis (2008) looks the European New Car Assessment Program (EuroNCAP) crash 

test results and compares them to vehicle mass and carbon dioxide emissions, and he 

too concludes that enhanced safety of modern cars has a very small effect on vehicle 

weight and does not significantly affect fuel consumption. 

1.2.3   Attribute-Based Regulations 

    “Attribute-basing” is a common feature of policies aimed at correcting externality - 

related market failure. Specifically, an attribute-based regulation (ABR) is a regulation 

that aims to change one characteristics of a product related to the externality (the 

“targeted” characteristics”), but which takes some other characteristic (the “secondary 

attribute”) into consideration when determining compliance. Attribute-basing is used in 

a variety of important economic policies. For example, environmental regulations often 

vary by operation size, with larger facilities facing more regulatory stringency. 

Specifically, firms below a certain size (the attribute) are exempted from some policies, 

including provisions as diverse as the Clear Air Act, the Family Medical Leave Act, and 

the Affordable Care Act, livestock regulations, and securities regulations. Energy 

efficiency standards for appliances, which allow larger products to consumer more 
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energy, are attribute-based all over the world. Fuel economy regulations are attribute-

based in China, Europe, Japan and the United States, which are the world’s four largest 

car markets.  

1.2.3.1   Attribute-Based Economic Policies 

    Using the Sarbanes-Oxley Act as a case study, Gao et al. (2009) presents evidence that 

exempting small companies from costly restrictive regulatory requirements generates 

the unintended consequences of creating incentives for some of these firms to remain 

small. Sneeringer and Key (2010) uses a regression-discontinuity framework and exploit 

the size threshold of federal and state rules targeting large-scale livestock operation to 

examine whether facilities adjust size to avoid regulation, and find statistical evidence of 

avoidance, primarily by operations entering the sizes just below the threshold (Ito, 

2014).  

1.2.3.2   Footprint-Based CAFE 

    Despite the ubiquity of attribute-basing, its welfare implications in energy efficiency 

standards are not well understood by economists. There is a substantial literature on 

CAFE standards (Greene, 1998; Goldberg, 1998; Kliet, 2004; Austin and Dinan, 2005; 

Trian and Winston, 2007; Gramlich, 2010; Anderson and Sallee, 2011; Jacobsen, 2013a), 

all these papers study CAFE before the introduction of the footprint-based standards 

with few exceptions. Gillingham (2013) proves that the current footprint-based standard 

leads to a perverse incentive to upsize vehicles using a theoretical model, and discusses 
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how a feebate can be designed to match a fuel economy standard using the National 

Energy Modeling System. Jacobsen (2013b) addresses the safety impact of CAFE and 

claims that the footprint-based standard corresponds to only a small deterioration in 

safety that is at the expense of large efficiency cost. Whitefoot and Skerlos (2012), 

whose approach is most similar to mine, studies firms’ responses to a tightening of CAFE 

standard in medium-run using a wide ranges of simulated scenarios for consumer 

preferences. Their results suggest that the footprint-based CAFE standard creates an 

incentive for firms to increase vehicle size except when consumer preference for vehicle 

size is low and for acceleration is very high. 

1.2.4   Supply and Demand Modeling 

1.2.4.1   Producer Supply 

A mature body of literature in economics focuses modeling and assessing strategic 

decision-making of competing entities. While this research predominantly assumes that 

the design of products other ran fuel economy are exogenously determined (Berry, 

Levinsohn, and Pakes 1995; Goldberg, 1998; Austin and Dinan 2005; Jacobsen 2013a), 

increasing attention is being given to the product design decisions that producers make 

in addition to pricing decisions (Knittel 2009; Whitefoot, Fowlie and Skerlos 2011; 

Whitefoot and Skerlos, 2012; Klier and Linn 2012; Roth, 2012).  

In a dynamic game, firms are allowed to continually update their decisions, such as 

pricing or designs, in order to maximize economic profit, depending on available 
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information and time constraint. The equilibrium of this system, called Bertrand 

equilibrium, is therefore defined as a set of prices and attributes for all products that 

simultaneously maximize profits for each firm with respect to their respective products’ 

prices and attributes.  

1.2.4.2   Consumer Demand 

    The demand modeling literature includes several different methods for estimating 

consumer choice as a function of vehicle attributes and price. Typically, consumer 

demand is represented in this literature by a discrete choice model. A discrete choice 

utility model describes decision makers’ choices among alternatives and is derived as 

follows. A decision maker, labeled  , faces a choice among   alternatives. The utility that 

decision maker   obtains from alternative  ,    , is decomposed as an observed portion 

and an unobserved portion of utility:            . The observed portion of utility 

can generally be specified as a function of price,   , observed product attributes,   , and 

consumer preference parameters,  . The decision maker chooses the alternative that 

provides the greatest utility: the behavioral model is therefore choosing alternative   if 

              (Louviere, 2003; Train, 2003). 

    One particular model of interest described in this section is the nested logit model. A 

nested logit model is appropriate when the set of alternative maker can be partitioned 

into   subsets. Under this nesting structure, the unobserved portion of utility,    , 

includes a common shock for all vehicles within a class and an idiosyncratic term: 

                , where     is the shock for vehicles in class  ;   is the similarity 
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coefficient, which represents the extent to which consumers receive similar shocks to 

individual vehicles within a class  ; and     is the an identically and independently 

distributed extreme value (Berry, 1994; Train, 2003). In Chapter 3, consumer demand 

for new vehicles is assumed to follow a nesting structure with the outside good defined 

as the purchase of a used vehicle (Klier and Linn, 2012). 

1.3    Expected Contribution 

Then ensuing chapters describe this dissertation research conducted over the past 

four years that sought to contribute to the studies of fuel economy and vehicle safety 

through: 

1. Reexamining the relationship that might exist between enhanced fuel economy 

and single-vehicle occupant fatalities in modern vehicles, 

2. Investigating the different roles of vehicle size and weight in determining traffic 

fatalities in single-vehicle crashes, 

3. Exploring the appropriate measure of spatial size that determine occupant 

protection for a given crash,  

4. Predicting how automakers will respond to the new  footprint-based CAFE 

standards, and  

5. Characterizing the welfare and distributional impacts of the 2011 CAFE reform 

across both producers and consumers. 
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    In short, this dissertation contributes to the traffic safety studies by distinguishing 

the effects of weight and size on occupant protection using new empirical evidence, and 

to the broader CAFE studies by adding to the small literature that does consider 

attribute basing. 
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Chapter 2 

FUEL ECONOMY AND SAFETY:  

A REEXAMINATION OF MODERN VEHICLES  
 

 

Abstract 

This paper reexamines the trade-off between fuel economy and automobile safety for 
modern vehicles of model years 2011-2014. In formulating the model, the framework consists 
of two submodels: a fuel economy submodel and a vehicle safety submodel. The fuel economy 
submodel estimates possible trade-offs automakers face when choosing between fuel economy 
and other vehicle attributes; and the vehicle safety submodel studies the independent effects 
of vehicle size and weight on occupant fatality risks in single-vehicle crashes.  

Empirical results suggest that one should not confuse vehicle downsizing with downweighting. 
For passenger cars, an increase in wheelbase, a measure of vehicle size, does not adversely 
affect fuel economy but decreases the likelihood of occupant fatalities in single-vehicle crashes; 
meanwhile, the weight variable has a negative impact on fuel economy but no statistically 
significant effect in single-vehicle crashes. For light trucks, there is no empirical evidence 
showing that occupants of larger light trucks are better protected; instead, vehicle weight is the 
key variable that links fuel economy and safety.  

Another message that emerges from this study is that there may have been an association 
between fleet fuel efficiency improvements and traffic fatalities in vehicles of early model years, 
this historical correlation is not inherent, and has largely declined over time with the help of 
active and passive technologies developed in recent years. 

 
 

 

 

 

 

 



 

19 
 

2.1   Introduction 

In the Energy Policy and Conservation Act of 1975 (EPCA), the fuel economy targets were 

specified for new passenger cars and light trucks sold in the United States by the corporate 

average fuel economy (CAFE) standards. However, calls to increase fuel economy by the CAFE 

standards raised the concerns about occupant safety of the new and more fuel efficient 

vehicles, and have been under fierce debate for several decades. This is because one of the 

most direct ways available for automobile manufacturers to increase fuel efficiency is to reduce 

vehicle weight, and the opponents of increasing fuel economy standards observe that heavier 

vehicles provide a greater protection to their occupants in a crash than do lighter vehicles: 

several researchers have estimated that an across-the-board reduction of vehicle weight would 

reduce passenger safety.  

    Crandall and Graham (1989) look at passenger car weight versus traffic fatalities from 1947 to 

1981, and link higher fuel economy levels to decreases in vehicle weight, and then use 

estimates from traffic safety experts (Evans, 1984) to conclude that CAFE is responsible for 

several thousand additional fatalities over the life of each modern year’s cars. Using the 

National Highway Traffic Safety Administration’s (NHTSA’s) Fatal Accident Reporting System 

(FARS) data for 1975 to 1989, Evan and Frick (1993) study the relationship between vehicle 

mass ratio and the ratio of driver fatality risk in two-vehicle crashes, and claim that the lighter 

the vehicle the less risk to other road users, and the heavier the vehicle the less risk to its 

occupants. This result is very similar to those of Anderson and Auffhammer (2013). Using micro-

level police-reported accident data, including both fatal and non-fatal, across 8 heterogeneous 
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states, they find that heavier vehicles are safer for their own occupants but more hazardous for 

other vehicles.  

Notwithstanding many people have this intuitive understanding that there is a basic trade-off 

between vehicle safety and fuel economy, where the link between the two is vehicle weight, in 

the new vehicle design process, this is rarely viewed as a trade-off. Using aggregated state-level 

data, Noland (2004) analyzes the impact of changes in CAFE on traffic-related fatalities 

controlling for other confounding variables, and suggests that if cars of early model years (MYs) 

were excluded from the analyses, it is not possible to find a statistically significant relationship 

between higher fleet fuel efficiency and highway fatalities. Ahmad and Greene (2005) study the 

relationship between U.S. light-duty vehicle fuel economy and highway fatalities from 1966 to 

2002; both the cointegration analysis and the log-log model results reveal that national 

aggregate statistics cannot support the assertion that increased fuel economy has led to 

increased traffic fatalities. Zachariadis (2008) looks the European New Car Assessment Program 

(EuroNCAP) crash test results and compares them to vehicle mass and carbon dioxide emissions, 

and he too concludes that enhanced safety of modern cars has a very small effect on vehicle 

weight and does not significantly affect fuel consumption. 

Responding to criticisms that the old CAFE standards encouraged the production of smaller and 

lighter vehicles, which unfavorably impacts domestic automakers compared to foreign 

automakers and may also increase traffic safety risks, starting in 2011 the CAFE standards are 

newly expressed as mathematical functions depending on vehicle footprint, a measure of 

vehicle size determined by multiplying the vehicle’s wheelbase by its average track width (as 

shown in Figure 2.1). Unlike the old CAFE standards, there is no requirement for a manufacturer 
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or the industry as a whole to meet any particular overall actual miles per gallon (MPG) target in 

this footprint-based CAFE, since that will depend on the mix of sizes of vehicles manufactured 

and ultimately purchased by consumers. 

According to the regulation design of the footprint-based CAFE standards, it is possible that a 

manufacturer would modify footprint choice after reevaluating various trade-offs in vehicle 

production; and these changes in the footprint of vehicles could directly or indirectly affect 

both fuel economy goals and traffic safety.  

Specifically, since larger vehicles are allowed to meet lower fuel economy targets, this 

footprint-basing design could potentially create an incentive for automotive manufactures to 

Figure 2.2   Vehicle Footprint Example 
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increase the size of their vehicles and hence diminish the policy’s goal of reduced fuel 

consumption.  

    As for vehicle safety, the possible change in vehicle footprint and/or other related vehicle size 

attributes (e.g., track width, wheelbase) could be an important factor that goes into ensuring 

vehicle occupant safety on the road. For example, the higher rollover rates of lighter vehicles 

appear to be caused by size rather than weight: it is because as vehicles become smaller, so 

does their track width, with consequence reduction in rollover resistance (Kahane, 1989; 

Partyka, 1989). Also, the laws of physics are compelling that the average deceleration of the 

passenger compartment in a crash is inversely related to crush space, since the crush space is 

designed to absorb crash energy and to reduce forces reaching the passenger compartment 

(O’Neil, 1998).  

    In addition, Joksch, Massie, and Pichler (1998) analyze car crashes between 1991 and 1994 

with respect to curb weight relative to the normal, or average, weight at a given wheelbase. As 

is true of other studies in early 1990s, Jocsch, Massie, and Pichler find that the fatality risk for 

occupants decreases with increased weight and size. But they find there is no significant 

reduction in risk for the drivers of cars heavier than normal for a given wheelbase and conclude 

that car size is important for safety, independent of car weight. Khazzoom’s study (1994) on 

single-vehicle highway fatalities for passenger cars demonstrates that weight and size are not a 

proxy to each other. Specifically, he uses curb weight and static stability factor (i.e., the ratio of 

the lateral position of the vehicle center-of gravity to the vertical position) as the measures of 

vehicle weight and vehicle size, respectively, and estimates that an increased curb weight 
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increases the risk of fatalities in single-vehicle crashes, while an increased stability (i.e., greater 

width and lower center of gravity) lowers the risk. 

Together, these studies suggest that (1) the relationship between vehicle weight and 

fatalities in traffic accidents is not inherent, and has changed over time; (2) it is worth to 

distinguish the effects of weight and size on vehicle safety when studying traffic accident risks, 

especially for vehicles of more recent MYs; and therefore, (3) it is possible for society to 

increase both fuel economy and automobile safety with the help of technological 

advancements in the automobile industry.  

This paper contributes an empirical reexamination of the possible trade-off between fuel 

economy and safety. Though there is a substantial vehicle safety literature on the relationship 

between vehicle weight and passenger safety, litter research has been done on the relationship 

of vehicle size and fatality rates, independent of weight. This study separately deals with size 

and weight using a regularized linear regression model, and also attempts to identify the 

appropriate measure of spatial size for a given crash.  

Also, to my knowledge, economists have not previously studied vehicles of most recent 

model years (i.e., after the newly amended 2011 footprint-based CAFE standards were 

introduced). Given the fact that safety technology is continuing to progress rapidly, saving lives 

and incidentally rendering older safety analyses obsolete (Ross and Wenzel, 2011), it is 

important to view the safety evaluations based on past performance with caution and update 

the extant literature using new data.  
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In addition, although a large traffic safety literature examines the relationship between 

average vehicle weight and traffic fatality rates, most of this literature estimates aggregate time 

series correlation (Robertson, 1991; Khazzoom, 1994; Noland, 2004; Ahmad and Greene, 2005) 

with few exceptions (Kahane, 2003; Van Auken and Zellner, 2005). Using micro data on non-

fatal and fatal accidents, my approach is able to control for factors influencing risk and 

exposure, and can further assist policy makers to select the most effective strategies for 

reducing crash risks (e.g., speed or aggressive driving, smart vehicle design, etc.). 

Several measures qualify as indicators of vehicle size: wheelbase, track width, length, interior 

volume, and so on; footprint and wheelbase are used as measures of size in this study. Vehicle 

footprint is chosen because it is the attribute that the new CAFE standards depend upon after 

the 2011 reform. NHTSA believes that the footprint-based CAFE regulations do not encourage 

downsizing because fuel economy targets are based on the footprint attribute, and therefore 

vehicle safety would be maintained when manufacturers apply fuel economy improving 

technologies. And thus, it is interesting to explore whether a larger vehicle footprint has a 

direct impact on traffic safety.  

Except for vehicle footprint, this paper also uses wheelbase as a proxy for vehicle size, for two 

reasons. First, some early engineer studies have shown that for increasing occupant safety, 

increasing a vehicle’s length or wheelbase is more influential than increase weight (Joksch, 

Massie, and Pichler 1998; Evans, 2004). Second, wheelbase is the only size measure recorded in 

FARS data, indicating that wheelbase is a potentially a good indicator of vehicle size 

determining occupant safety in a crash. 
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Since NHTSA data show that nearly 85 percent of all rollover-related fatalities are the result of 

single-vehicle crashes, including a variable to measure and control for vehicles’ resistance to 

rollover is important in studying single-vehicle crashes. Following engineer literature, I use the 

ratio of track width divided by car height as an indicator in my estimation and denote this 

variable as Stability.  

Together, this study considers vehicle size and weight as two most important links between 

fuel economy and automobile safety, and then reexamines the trade-off between fuel economy 

and automobile safety in terms of size and weight, respectively, for those vehicles produced 

after the newly amended footprint-based CAFE standards were introduced (i.e., after MY 2011).  

To sum, using micro data on vehicle attributes and on single-vehicle crashes, this study shows 

that vehicle attributes that have impacts on single-vehicle highway fatalities for passenger cars 

and for light trucks are largely different. For passenger cars, an increase in wheelbase does not 

decrease vehicle fuel economy, but decreases the likelihood of occupant fatalities. Combined 

with the fact that car weight has no significant effect on safety but a negative effect on fuel 

economy, these findings bring the possibility of using new technologies to reduce passenger car 

weight while maintaining vehicle size, and hence increasing both fuel economy and automobile 

safety for the society. In addition, this study suggests that wheelbase is a better measure of 

vehicle crush distance for passenger cars in single-vehicle crashes when compared with 

footprint.  

For light trucks, an increase in vehicle size, footprint or wheelbase, is associated with a 

reduction in fuel economy but no increase in occupant safety in single-vehicle crashes. In 
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addition, the estimates indicate that safer light trucks are heavier by only a few pounds and do 

not consume much more fuel than their counterparts with higher occupant fatality risks, all 

other things being equal. To summarize, it seems that better fuel economy was associated with 

worse safety in vehicles of early MYs, but this historical correlation in vehicles of light weight 

with higher injury risks is not inherent, and has largely declined over time with the help of 

active and passive safety technologies developed in recent years.  

The rest of this paper is organized as follows. Section 2.2 describes the data collection 

process and the corresponding summary statistics. Section 2.3 provides the empirical 

specifications and the regression results. The last section (§2.4) concludes with a discussion 

regarding this study’s limitations and offers suggestions for future research. 

2.2   Data and Summary Statistics 

2.2.1   Vehicle Accident Data 

The primary basis for the vehicle accident dataset used in the vehicle safety submodel is the 

General Estimates System (GES) data for the years 2010 to 2013, which is produced by the 

National Automotive Sampling System (NASS). The GES data come from a nationally 

representative sample of police-reported motor vehicle crashes of all types, from minor to fatal. 

GES records injury severity by crash victim on the KABCO scale (National Safety Council, 1990) 

from police crash report. Injury severity is classified on an ordinal scale from no injury (coded as 

0), possible injury (coded as 1), non-incapacitating evident injury (coded as 2), and 

incapacitating injury (coded as 3), to fatal injury (coded as 4). This dataset also contains 
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information on vehicle attributes (   ), crash environments (   ), and driver characteristics (   ), 

which are used to control for factors influencing risk and exposure when studying vehicle 

occupant safety.  

Although various sources suggested that about half the motor vehicle crashes in the country 

are not reported to the police, the majority of these unreported crashes involve only minor 

property damage and no significant injury. In other words, by restricting attention to police-

reported crashes, this study concentrates on those crashes of greatest concern to the highway 

safety community. Since the GES data cover crashes that involve property damage, injury, or 

death, I will ignore the issues of sample selection bias that were of concern to authors using 

data on fatal crashes only.  

Since the population of interest in this paper is vehicles that were produced after the newly 

amended footprint-based CAFE standards were introduced, the dataset was limited to the 

single-vehicle crashes involving 2011 to 2014 MYs vehicles. Vehicles were further divided into 

two categories by their fleets: passenger cars and light trucks. And then two types of vehicle 

crashes were examined separately: single-vehicle crashes involving passenger cars and single-

vehicle crashes involving light trucks.  

2.2.2   Vehicle Attribute Data 

Using the vehicle information such as model year, make, model, and body type provided by 

the GES data, for each single-vehicle crash for which occupant injury severity was available, 

more detailed vehicle attributes information including but not limited to front and rear track 

widths, wheelbase, curb weight, height, horsepower, torque, and transmission type were 
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identified and recorded from www.thecarconnection.com at the nameplate level1.  A vehicle’s 

wheelbase is the distance between the centers of the front and rear wheels; a vehicle’s track 

width is the measurement between the center line of each of the two wheels on the same axle; 

and a vehicle’ curb weight is the total weight of a vehicle with standard equipment, all 

necessary operating consumables, a full tank of fuel, while not loaded with either passenger or 

cargo. The www.thecarconnection.com data is fairly complete for most vehicle models, and 

vehicle attributes data from automaker websites was used to fill in missing values. After 

completing recording these vehicle attribute information, I then calculate the vehicle footprint 

variable, which is determined by multiplying a vehicle’s wheelbase by its average track width, 

and then the vehicle stability variable, which is determined by dividing a vehicle’s average track 

width by its height. Vehicle fuel economy data were directly obtained from 

www.fueleconomy.gov, the official U.S. government source for fuel economy information. EPA-

rated adjusted city and highway fuel economy2 are used to calculate the combined fuel 

economy (55 percent city and 45 percent highway).  

2.2.3   Summary Statistics 

2.2.3.1   Fuel Economy Submodel  

Before estimating econometric models, I first provide model-level vehicle attributes 

summary statistics for the data that I used in the fuel economy submodel in Table 2.1. It is 

                                                           
1
 The aggregation up to name plate level information on vehicle attributes in my data set presents a caveat that is 

important here. Automakers generally offer different trim level options to give customers much flexibility, 
resulting in diversity in vehicle attributes. However, acquiring trim-level data is extremely difficult.  
2
 EPA-rated adjusted fuel economy are the City and Highway test values that are adjusted using specific methods in 

order to reflect real-world fuel economy. They are the MPG values on fuel economy labels (window stickers). 

http://www.thecarconnection.com/
http://www.thecarconnection.com/
http://www.fueleconomy.gov/
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important to notice that these statistics only represent 2011-2014 MY vehicles that were 

involved in single-vehicle crashes and were recorded in the 2010 to 2013 GES dataset. And thus 

these statistics differ from the new vehicle fleet summary statistics since the fleet summary 

statistics are sales weighted. 

The average fuel economy for passenger cars is just under 26 miles per gallon (MPG) for the 

entire sample. The least fuel efficient passenger car has a fuel economy slight below 14 MPG, 

while the most fuel efficient one is of about 100 MPG, which is a hybrid car. The average car has 

a footprint of over 45 square feet and a curb weight of over 3,352 pounds. The average engine 

power is slightly above 200 horsepower (HP) and the average torque is about 199 pounds-feet.   

Table 2.1   Summary Statistics for Vehicle Attributes at Model Level 

Variable Mean Std. Dev. Min Max 

Passenger Cars     
Fuel Economy 25.90 6.39 13.83 99.21 

Footprint 45.77 4.13 26.80 55.82 
Curb Weight 3352.10 557.07 1808 5324 

Height 4.87 0.30 4.08 6.04 
Horsepower 208.01 61.90 70 555 

Torque 198.89 56.24 68 500 
MSRP 29184.76 17323.73 11965 136800 

Automatic 0.83 0.37 0 1 
Hybrid 0.04 0.15 0 1 

Light Trucks     
Fuel Economy 19.48 3.65 12.50 29.04 

Footprint 52.09 6.67 41.01 76.09 
Curb Weight 4459.84 804.34 2959 5879 
Horsepower 256.89 67.69 136 500 

Torque 265.62 75.07 128 516 
MSRP 33595.25 16352.53 15995 113000 

Automatic 0.95 0.22 0 1 

a. This table reports the mean, standard deviation, minimum, and maximum of fuel economy (mile-
per-gallon), footprint (square feet), curb weight (pounds), height (feet), engine power (horsepower), 
torque (pounds-feet), MSRP (dollars), automatic dummy, and hybrid dummy.  

b. The passenger car sub-sample contains 653 vehicle-model; the light truck sub-sample contains 291 
vehicle-model. 
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About 83 percent of the sampled passenger cars are equipped with automatic transmissions 

and the percentage of cars that are hybrid in this sample is around 4 percent.   

       Among all light trucks that are in the sample, the average fuel economy is a little below 20 

MPG. The average footprint of light trucks is just above 52 square feet and the average curb 

weight is about 4460 pounds. These two statistics with light trucks are roughly 15 percent to 33 

percent greater than with passenger cars.  The average engine power and torque are about 257 

HP and 266 pounds-feet, respectively. The percentage of sampled light trucks with an 

automatic transmission is about 95 percent. 

2.2.3.2   Vehicle Safety Submodel      

    There are many features that could distinguish vehicles and could possibly influence 

occupant fatalities in single-vehicle crashes. The key explanatory variables of interest in this 

study are measures of vehicle size, weight, and stability. In particular, the different roles of size 

and mass are at the center of our concern; they have not yet been definitively separated in 

analyses 

The laws of physics are compelling that the average deceleration of the passenger 

compartment in a crash is inversely related to crush space. However, it is not completely 

obvious which spatial size is the appropriate measure for a given crash. As discussed in Section 

2.1, this study uses vehicle footprint and wheelbase as potential measure for spatial space and 

then explores the impact of vehicle size, independent of weight, on traffic fatalities.  

Vehicle weight has always been considered as an important factor in determining vehicle 
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Figure 3.2   Static Stability Factor Example 

  

 

safety: several researchers have estimated that a reduction of vehicle weight would reduce 

passenger safety (Evans, 1991; Kahane 1997). Vehicle curb weight is used as the measure of 

vehicle weight in this paper.  

NHTSA data show that nearly 85% of all rollover-related fatalities are the result of single-

vehicle crashes. This means that the majority of rollover crashes and fatalities do not involve 

any other vehicle besides the one that rolled over, further suggesting that driver behavior and 

vehicle design play a significant role in determining occupant safety. Previous researchers in the 

automotive industry have developed numerous metrics to quantify a vehicle’s resistance to 

rollover. A simple but useful metric is the Static Stability Factor (SSF), which is computed as the 

ratio of the lateral position of the vehicle center-of gravity to the vertical position (Hac 2002): 

    
           

                          
 

SSF = 
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and Figure 2.2 gives us an example of calculating SSF. The wider the track width and the lower 

the center of gravity, the higher the lateral velocity must be in order to trip the car, and thus 

the lower the rollover risk. In general, passenger cars, as a group, have the highest average SSF 

and the lowest rollover fatality rate (Walz, 2005). 

    Though acquiring data on the center-of-gravity-height is difficult, I can approximate this 

height by a vehicle’s height, which is about 2.5 the height of the center of gravity, and then 

calculate the indicator of stability as the ratio of vehicle track width to vehicle height.  

I also include a set of variables to account for the circumstances of a crash. If a driver’s 

reaction largely depends on vision and vision is severely limited in darkness, or drivers are tend 

to drive less carefully in rural areas or on certain days of week, there should be differences in 

the likelihood of fatality across time and space. Thus two days of week (weekday, weekend), 

two times of day (day and night), three levels of urban density (low, middle, high), and four 

conditions of weather (clear, rain, snow, fog) are used to control for the crash environment.  

    Variables that capture driver characteristics are also included. Dummy variables are included 

for whether or not the driver was driving negligently, meaning driving when drunk or under the 

influence of drugs. The hypothesis is that the consumption of liquor or an illegal drug makes 

driving more difficult by dulling concentration and slowing reaction time, and hence results in 

more serious occupant injury severities. In addition, a dummy variable called speed is included 

in the vehicle safety equation to indicate that whether or not the driver’s speed was related to 

the crash as indicated by law enforcement. Also, dummy variables for whether driver was male, 

whether driver was over 60 years old are included. Table 2.2 summarizes all the factors that  
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Table 2.2   Summary Statistics of the Vehicle Safety Submodel 

 Mean Std. Dev. Min Max 

Passenger Cars      
   Vehicle Attributes Footprint 45.90 3.44 26.80 55.82 
 Wheelbase 8.97 0.43 6.12 10.02 
 Curb Weight 3260.58 485.53 1808 5324 
 Stability  1.05 0.05 0.86 1.29 
    Crash Environments Weekday 0.69 0.46 0 1 
 Night 0.38 0.48 0 1 
 Snow 0.02 0.15 0 1 
 Rain 0.08 0.27 0 1 
 Fog 0.01 0.08 0 1 
 Low 0.14 0.34 0 1 
 Middle 0.07 0.26 0 1 
    Driver Characteristics Male 0.55 0.50 0 1 

 Old 0.12 0.33 0 1 
 Negligence 0.10 0.30 0 1 
 Speed-related  0.08 0.27 0 1 
 Sample Size 1775    

Light Trucks      
    Vehicle Attributes Footprint 52.09 6.81 41.01 76.09 
 Wheelbase 9.60 0.86 7.95 12.92 
 Curb Weight 4243.04 703.34 2959 5967 
 Stability 0.91 0.04 0.76 1.10 
    Crash Environments Weekday 0.71 0.46 0 1 
 Night 0.33 0.47 0 1 
 Snow 0.03 0.17 0 1 
 Rain 0.09 0.28 0 1 
 Fog 0.01 0.10 0 1 
 Low 0.13 0.34 0 1 
 Middle 0.06 0.24 0 1 
    Driver Characteristics Male 0.61 0.49 0 1 
 Old 0.11 0.31 0 1 
 Negligence 0.10 0.30 0 1 
 Speed-related 0.06 0.23 0 1 
 Sample Size 854    

a. This table reports the summary statistics (e.g., mean, standard deviation, the minimum, and the 
maximum) for data on vehicle attributes (e.g., footprint (square feet), wheelbase (feet), curb weight 
(pounds)); on crash environments (e.g., weekday, night, snow, rain, fog, low urban density, and 
middle urban density); and on driver characteristics (e.g., male, old, driving negligently, and 
speeding).  

b. The passenger car sub-sample contains 1775 single-vehicle crashes; the light truck sub-sample 
contains 854 single-vehicle crashes. 
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may affect the likelihood of occupant fatality in single-vehicle crashes and are used in the 

Vehicle Safety Submodel; the statistics on passenger cars and light trucks are reported 

separately. 

2.3   Empirical Estimation and Regression Result 

2.3.1   Fuel Economy Submodel 

    The Fuel Economy Submodel estimates the trade-offs automakers face when choosing 

between fuel economy, footprint, weight, and other related vehicle attributes. Following Knittel 

(2012), a product-characteristics framework is applied to estimate the trade-offs; and the fuel 

economy of a vehicle   produced at time   (     ) was modeled as a function at a given level of 

vehicle size (      ), vehicle weight (   ), and some other attributes that are related to fuel 

economy (   ), such as horsepower, torque, MSRP, and so on.  

  To estimate the level sets, I begin by making Cobb-Douglas assumptions for vehicle fuel 

economy       , robustness check by other functional form assumptions such linear-linear can 

be found in the Appendix 2.B.  

    Under the Cobb-Douglas and translot assumption, vehicle fuel economy is modeled as  
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where     is a mean zero error capturing additional characteristics of the vehicle that are 

assumed to be uncorrelated with the other right-hand-side variables;    is a series of year fixed 

dummy variables.  

The effects of vehicle size and vehicle weight on fuel economy are at the center of our 

concern; and the trade-off estimates for passenger cars and light trucks are reported in Tables 

2.3 and 2.4, respectively.  

Year fixed dummies in this fuel-economy submodel are used to control for and to estimate 

the possible fuel-efficiency technological progress in automobile industry during the sample 

period. Technological progress represents not only increases in engine technology, but also 

advances in transmission, rollover resistance, and etc. These technological progress estimates 

for passenger cars and for light trucks are presented in Tables 2.5. To understand the trade-offs 

and the technological estimates, when I interpret the estimation parameters, I will mainly focus 

on Model 4 and Model 5, which includes the vehicle size, vehicle weight, other attributes that 

are related to fuel economy, and fixed year effects. 

2.3.1.1   Ridge Regression  

In multiple regression analysis, multicollinearity is a common phenomenon, in which two or 

more predictor variables are highly correlated. The strong correlation will cause computational 

instability and the Ordinary Least Squares (OLS) estimator is no longer the linear unbiased 

estimator. 

    Ridge regression is a regularized regression model, which shrink the regression coefficients 

( ’s) by imposing a penalty on their magnitude. Specifically, in a ridge regression model, the  
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Figure 2.4   Footprint vs. Curb Weight 

 

Figure 2.5   Wheelbase vs. Curb Weight 
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coefficients are obtained by minimizing a penalized residual sum of squares          

              
 

 , where   is referred to as the ridge parameter. The estimates from ridge 

regression are biased but they have lower variance compared to OLS estimates.  

The ridge regression solutions in vector form are                  
  
   . Since 

        is non-singular as long as    , ridge regression provides a unique solution for a 

given   even if     is not of full rank (e.g., there is a perfect multicollinearity among the 

independent variables). Considering that vehicle size and weight are highly correlated (as 

shown in Figure 2.3 and Figure 2.4) and may cause some computational instability, a ridge 

regression model is used for estimating the fuel economy submodel; OLS estimates are 

reported in Appendix 2.A.3  

2.3.1.2   Trade-Offs  

Table 2.3 presents the trade-offs estimates for passenger cars. When comparing Models 1 

and 2 estimates with those of Model 4 and Model 5, the coefficients on footprint/wheelbase 

change from negatively to positively significant after adding curb weight to the fuel economy 

equation. However, when compare Model 3 with Model 4 and/or Model 5, including 

footprint/wheelbase variable into the fuel economy regression does not change the negative 

sign of the coefficient on curb weight but increase its magnitude by roughly 50 percent. The 

message that emerges from these differences across models is the need not to confuse car 

downweighting with downsizing. Many critics assume that vehicle size would negatively affect

                                                           
3
 Comparing OLS estimates in Appendix 2.A and ridge estimates in Table 2.4, one can find that the variances of OLS 

estimates are generally larger than those of the ridge estimates, which is consistent with theory. 



 

38 
 

Table 2.3   Trade-Off Estimates for Passenger Cars by Ridge Regression 

 Dependent Variable: Log Fuel Economy (Sample Size = 654) 

 (1) (2) (3) (4) (5) 

ln(Footprint) -0.20** 
(0.08) 

 
 

 0.45*** 
(0.11) 

 

ln(Wheelbase)  -0.13 
(0.11) 

  0.60*** 
(0.14) 

ln(Weight)   -0.40*** 
(0.06) 

-0.66*** 
(0.09) 

-0.62*** 
(0.08) 

ln(Stability) 0.26*** 
(0.08) 

0.25*** 
(0.08) 

0.04 
(0.08) 

-0.11 
(0.09) 

-0.07 
(0.09) 

ln(HP) -0.34*** 
(0.03) 

-0.35*** 
(0.03) 

-0.32 
(0.03) 

-0.33*** 
(0.03) 

-0.32*** 
(0.03) 

ln(Torque) -0.03 
(0.04) 

-0.05 
(0.04) 

0.07 
(0.04) 

0.07* 
(0.04) 

0.07* 
(0.04) 

ln(MSRP) -0.02 
(0.02) 

-0.02 
(0.02) 

-0.00 
(0.02) 

0.03 
(0.02) 

0.03 
(0.02) 

Automatic 0.02 
(0.01) 

0.01 
(0.01) 

0.02** 
(0.01) 

0.01 
(0.01) 

0.01 
(0.01) 

Hybrid 0.35*** 
(0.03) 

0.34*** 
(0.03) 

0.38*** 
(0.03) 

0.39*** 
(0.03) 

0.38*** 
(0.03) 

Adjusted    0.734 0.732 0.750 0.757 0.759 

a. Observations are by model and year for 2011-2014. Only passenger cars that were involved 
in single-vehicle crashes and were recorded in the 2010 to 2013 GES dataset were included.  

b. The specification is estimated by ridge regression. The dependent variable is the log of fuel 
economy of the corresponding vehicle model.  

c. The regression includes year dummies.  
d. Standard errors are reported in parenthesis. 

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 

       * Significant at the 10 percent level. 
 

 
 

fuel economy because they lump size and weight together as if they were same variable. My 

analyses show that the vehicle size (i.e., footprint/wheelbase) estimate ends up with a negative 

sign in Models 1 and 2, not necessarily because size has a adverse effect on passenger car fuel 

economy, but because the omitted weight variable has a dominant detrimental effect on fuel 

economy, which is picked up by the size variable that appears in the equation.  
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Models 4 and 5 estimates in Table 2.3 imply that, ceteris paribus, a 10 percent increase in 

footprint (wheelbase) is associated with a 4.5 (6 percent) increase in fuel economy for 

passenger cars. This positive relationship indicates that there is no evidence showing that the 

trade-off between vehicle size and fuel economy exists in newly produced passenger cars when 

everything else is fixed, and challenges the intuitive belief that larger cars guzzle more fuel. One 

possible explanation for this somewhat surprising finding is that many smaller passenger cars 

(e.g., coupe and compact cars, or convertibles) are luxury sports cars, which are gas guzzling 

cars that consume more fuel. And this may distort the estimation on the relationship between 

passenger car size and fuel economy. The relationship between curb weight and fuel economy 

in Models 4 and 5 is negative and statistically significant. Specifically, the parameter estimate of 

curb weight suggests that a 10 percent increase in passenger car weight is associated with a 6.2 

to 6.6 percent decrease in fuel economy.  

    In addition, horsepower has a negatively significant effect on fuel economy for passenger 

cars: an increases in horsepower of 10 percent is associated with a reduction in fuel economy of 

about 3 percent. The relationship between fuel economy and torque is small and marginally 

significant: a 10 percent increase in torque is correlated with a 0.7 percent increase in fuel 

economy. The coefficient associated with hybrid dummy is slight below 0.4, which suggests a 

0.4 percent fuel economy savings for this attribute. Parameter estimates on stability, MSRP, 

and automatic dummy are not statistically significant from zero.  

    Table 2.4 presents the results for light trucks, and the trade-offs are very different when 

compared with passenger cars. Before discussing estimates in details, I compare general results 

across models. Unlike passenger cars, after controlling for curb weight, light truck size (i.e.,  
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Table 2.4   Trade-Off Estimates for Light Trucks by Ridge Regression 

 Dependent Variable: Log Fuel Economy (Sample Size = 291) 

 (1) (2) (3) (4) (5) 

ln(Footprint) -0.47** 
(0.05) 

  -0.27*** 
(0.01) 

 

ln(Wheelbase)  -0.57*** 
(0.08) 

  -0.26*** 
(0.10) 

ln(Weight)   -0.50*** 
(0.06) 

-0.29*** 
(0.09) 

-0.37*** 
(0.07) 

ln(Stability) 1.03*** 
(0.09) 

0.92*** 
(0.10) 

0.70*** 
(0.10) 

0.84*** 
(0.11) 

0.73*** 
(0.10) 

ln(HP) 0.05 
(0.04) 

-0.06 
(0.05) 

0.01 
(0.04) 

-0.02 
(0.04) 

-0.01 
(0.04) 

ln(Torque) -0.31*** 
(0.05) 

-0.34*** 
(0.05) 

-0.30*** 
(0.05) 

-0.27*** 
(0.05) 

-0.27*** 
(0.05) 

ln(MSRP) -0.01 
(0.02) 

0.00 
(0.02) 

0.08*** 
(0.02) 

0.03 
(0.02) 

0.05* 
(0.02) 

Automatic 0.08*** 
(0.02) 

0.07*** 
(0.02) 

0.06*** 
(0.02) 

0.08*** 
(0.02) 

0.08*** 
(0.02) 

Adjusted    0.811 0.799 0.814 0.818 0.816 

a. Observations are by model and year for 2011-2014. Only light trucks that were involved in 
single-vehicle crashes and were recorded in the 2010 to 2013 GES dataset were included.  

b. The specification is estimated by ridge regression. The dependent variable is the log of fuel 
economy of the corresponding vehicle model.  

c. The regression includes year dummies.  
d. Standard errors are reported in parenthesis. 

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 

       * Significant at the 10 percent level. 

 

footprint or wheelbase) still has a negative effect on fuel economy; and curb weight always 

adversely affect vehicle fuel economy. In particular, there exists a trade-off between vehicle 

size (footprint or wheelbase) and fuel economy: a 10 percent increase in footprint (wheelbase) 

is correlated with a 2.7 (2.6) percent decrease in light truck fuel efficiency; the magnitude of 

this trade-off is relatively small. The coefficient of curb weight is statistically significant and is 

also small in magnitude: increases in curb weight of 10 percent are associated with a reduction 
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in fuel economy of 2.9 to 3.7 percent, about 50 to 60 percent smaller than that of passenger 

cars.  

The decrease in fuel efficiency from a 10 percent increase in torque for light trucks is about 

2.7 percent; while horsepower has no statistically significant effect on fuel efficiency. In 

addition, vehicle stability replaces curb weight as the most significant factor that affects vehicle 

fuel economy: a 10 percent increase in stability is associated with a 7 to 8 percent increase in 

light truck fuel efficiency. The positively significant coefficients associated with MSPR (0.05) and 

automatic transmissions (0.08) suggest fuel economy savings for these attributes.  

2.3.1.3   Technological Progress 

As discussed above, year fixed effects,   , are included into fuel economy equations to 

capture technological progress used to improve fuel efficiency during the sample period of this 

study. These year dummy variables are interpreted as the cumulative change in technology 

between some base year and year  . Specifically, the change in technology is expressed as the 

change in the expected value of log fuel economy conditional on footprint, curb weight, horse 

power, torque, and other covariate values; and the difference in average expected economy 

between the base year 0 and some future year t would be: 

                                                                                    

Table 2.5 report technological progress estimates across models; the results of passenger cars 

and of light trucks are shown in Column 1 to 2 and Columns 3 to 4, respectively. These 
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parameter estimates are from Model 4 and Model 5 specified in Table 2.3 and Table 2.4 of 

Section 2.3.1.1. 

For passenger cars, most year fixed effect dummies are statistically significant and increasing 

over time. For example, conditional on seize, weight, and other vehicle attributes, the log of 

fuel economy is over 0.037 greater in 2012, compared to 2011. These estimated coefficients 

imply that vehicle fuel economy has been constantly improving for modern vehicles during the 

sample period. Combined with knowledge of the trade-off estimates between size and curb 

weight, and fuel economy, one can expect that technological progress could continue 

improving automobile fuel efficiency without decreasing vehicle size (i.e., footprint/wheelbase), 

or much to weight for passenger cars. 

   The conclusions are very different when considering light trucks. All the technological 

progress estimates are positive and increasing in magnitude over time, as expected, however, 

most of them are statistically insignificant. It means that there is no empirical evidence showing 

Table 2.5   Technological Progress Estimates by Ridge Regression 

 Passenger Cars Light Trucks 

 (4) (5) (4) (5) 

2012 0.037*** 
(0.011) 

0.038*** 
(0.011) 

0.008 
(0.012) 

0.008 
(0.012) 

2013 0.040*** 
(0.013) 

0.040*** 
(0.013) 

0.016 
(0.013) 

0.013 
(0.013) 

2014 0.035* 
(0.020) 

0.036* 
(0.020) 

0.061*** 
(0.018) 

0.059*** 
(0.018) 

a. Observations are by model and year for 2011-2014. Only vehicles that were involved in single-
vehicle crashes and were recorded in the 2010 to 2013 GES dataset were included.  

b. The specification is estimated by ridge regression.  
c. Standard errors are reported in parenthesis. 

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 

       * Significant at the 10 percent level. 
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that positive fuel-efficiency technological progress for light trucks has much existed during the 

sample period.      

2.3.2   Vehicle Safety Submodel 

  The vehicle safety submodel assumes that occupant safety depends on three major categories; 

each category in turn depends on several basic constituents. The three major categories are as 

follows: 

 Vehicle attributes (weight, size, stability). 

 Crash environment (time of day, day of week, weather, urban density) 

 Drive characteristics (driver’s age, drive negligently, speedy) 

    The basic specification is a firth logit regression that explains fatalities in single-vehicle 

crashes. I will discuss the results for passenger cars and for light trucks separately.   

2.3.2.1   Firth Logit Regression 

   Logistic regression provides a good method for classification by modeling probability of 

membership of a class with transforms of linear combination of explanatory variables, and has 

been widely used in studying highway fatalities. However, many researchers (Gates 2001; King 

and Zeng, 2001) have been worried about whether they can use conventional logistic 

regression for rare events data in which binary dependent variables characterized as by dozens 

to thousands of times fewer ones than zeros. In particular, logistic regression can sharply 

underestimate the probability of rare events, leading biases in the coefficients.  
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    Firth (1993) suggests a modification of the score equation in order to reduce bias seen in 

generalized linear models. Heinze and Schemper (2002) suggests using Firth’s method to 

overcome the problem of “separation” in logistic regression, a condition in the data in which 

maximum likelihood estimates tend to infinity. Specifically, the method penalizes the log-

likelihood with one-half of the logarithm of the determinant of the information matrix. Thus, 

Firth’s method has the attraction of producing finite, consistent estimates of regression 

parameters when the maximum likelihood estimates do not even exist because of complete or 

quasi-complete separation.  

Table 2.6 and Table 2.7, respectively, summarize the maximum injury severity in single-

vehicle crashes for passenger cars and for light trucks. In my sample, there are approximately  

Table 2.6   Occupant Injury Severity for Passenger Cars 

Maximum Injury Severity Frequency Percent Cumulative Density 

0 1244 70.08 70.08 
1 129 7.27 77.35 
2 187 10.54 87.89 
3 188 10.59 98.48 
4 27 1.52 100.00 
Total 1775 100.00  

 

Table 2.7   Occupant Injury Severity for Light Trucks 

Maximum Injury Severity Frequency Percent Cumulative Density 

0 660 77.28 77.28 
1 55 6.44 83.72 
2 73 8.55 92.27 
3 57 6.67 98.95 
4 9 1.05 100.00 
Total 854 100.00  

a. GES records injury severity by crash victim on the KABCO scale (National Safety Council, 1990) from 
police crash report. Injury severity is classified on an ordinal scale from no injury (coded as 0), 
possible injury (coded as 1), non-incapacitating evident injury (coded as 2), and incapacitating injury 
(coded as 3), to fatal injury (coded as 4). 

b. These statistics only represent 2011-2014 MY vehicles that were involved in single-vehicle crashes 
and were recorded in the 2010 to 2013 GES dataset. 
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1775 single-vehicle crashes that involved passenger cars, including 27 fatalities; and there are 

854 single-vehicle crashes that involved light trucks, including 9 fatalities. The fatality rate is 

1.52 percent for passenger cars and is 1.05 percent for light trucks, which are relatively small 

(e.g., close to 0.01). Thus, a firth logit regression Stata module (Coveney, 2015) is used to 

estimate the vehicle safety submodel.4 

2.3.2.2   Empirical Specification 

In this vehicle safety submodel, the firth logit regression model is estimated for the occupant 

fatality,    , in single-vehicle crashes for passenger cars and light trucks, respectively.  

Underlying the indexing in such a model is a latent but continuous injury variable,    
 , and the 

following specifications were used here: 

     
                                                     

       
       

                             

         
                                                 

       
       

                            

         
                                      

       
       

                           

 

   
  is the latent and continuous measure of fatality risks faced by occupants of vehicle   in a 

crash occurred at year  ;        is vehicle size (e.g., footprint or wheelbase),     is vehicle weight;  

   ,    , and     are three vectors of controlling variables describing vehicle attributes, crash 

environments, and driver characteristics, respectively;     is a set of year fixed effects;  

           
    

        is a vector of parameters to be estimated. The unobserved term,    , 

                                                           
4
 Maximum likelihood estimates using conventional logistic regression do not exist for some variables and thus are 

not reported. 
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depends on unobserved variables that influence fatality rates and is commonly assumed to be 

independent and identically distributed according to the Type I Extreme value distribution. 

Similar to fuel economy submodel, the vehicle safety submodel also allows distinctions to be 

made between downsizing and downweighting, and then studies the impacts of vehicle size 

(footprint or wheelbase) and weight on occupant fatality risk separately. 

The observed and coded fatality,    , is then determined and modeled as follows: 

                             
                                                                     

                        
                 

    Since the distribution of     is specified as Type I extreme value, the probability of any latent 

dependent variable    
  that falls into some specific category can then be calculated exactly. All 

these probabilities will enter the log-likelihood function, and the maximization of the penalized 

log-likelihood function using Firth’s method provides estimates of the set of coefficients. These 

coefficients can then be used to calculate the corresponding odds ratios of fatal injury versus 

non-fatal injury. Positive    indicates that the odds increase as    increase (everything else 

fixed), where is for a negative estimates of   , the odds decrease as    increases (everything 

else fixed). 

2.3.2.3   Econometric Results 

Tables 2.7 and Table 2.8 report the estimated coefficients (e.g., Column 1 through Column 5) 

and the associated odds ratios (e.g., Column 6 through Column 10) for passenger car and for 

light trucks, respectively. The general interpretation of these models’ parameters is as follows: 
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positive coefficients suggest the likelihood of more severe injuries, negative coefficients suggest 

the likelihood of less severe injuries. The primary parameters of interest are the coefficients on 

size (  ), curb weight (  ), and stability (  ). 

Passenger Cars 

  Table 2.6 provides estimation results for passenger cars. The primary parameters of interest 

are the coefficients on size (  ), curb weight (  ) and stability (  ). The hypotheses are that (1) 

because a larger passenger car provides a larger “crush space”, it is less likely to kill their 

occupants, and (2) because a higher stability decreases the possibility of rollover, it is less likely 

to kill their occupants. The coefficients of wheelbase, footprint, and stability from the firth logit 

regression all have the expected sign; while only the coefficient on wheelbase is statistically 

significant. That is, there is empirical evidence that people involved in single-vehicle crashes are 

less likely to be killed if they are in a passenger car with longer wheelbase. Using Model (5) 

result as an example, the negatively coefficient -1.16 on wheelbase is associated with an odds 

ratio at the value of 0.31: for a 1    increase in wheelbase, the odds of being killed are 0.31 

time lower than the odds of being non-fatally injured, given other variables are held constant. 

The coefficients on vehicle curb weight are not statistically significant from zero across all 

models, before and after controlling for vehicle size. Among the other variables, occupants are 

more likely to be killed in crashes that occur at night or in the snow, when the driver’s speed 

was related to the crash as indicated by law enforcement, and when the driver was more than 

60 years old. 
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The firth logit regression estimates show that curb weight does not have any statistically 

significant effect on occupant fatality rates for modern passenger cars in single-vehicle crashes; 

and this result is consistent with findings from recent U.S. and internationals studies (Khazzoom, 

1994; Ahmad and Greene, 2005; Noland, 2004, 2005; Zachariadis, 2008). The estimation results 

also confirms Evans’s finding that increasing a vehicle’s wheelbase is more influential than 

increase weight for increasing occupant safety (Evans, 2004). Another message that emerges 

from the passenger car safety study is that there is no empirical evidence showing that vehicle 

footprint has any direct impact of improving occupant safety, which means that, compared with 

footprint, wheelbase is probably a better measure of spatial size that determines traffic safety 

for passenger cars involved in single-vehicle crashes.5  

Light Trucks 

Table 2.7 provides the single-vehicle crash estimation results for light trucks, and these 

results are very different when compared with those of passenger cars. Across all models, no 

coefficient on vehicle size, footprint or wheelbase, is negatively insignificant, which means that 

a large vehicle size does not help light trucks to protect their occupants from being killed in 

single-vehicle crashes. One possible explanation is that vehicle size affects safety most through 

crush space: the longer the distance from the front of the vehicle to the occupant compartment 

gives a bigger vehicle an advantage in frontal crashes, which account for half of passenger 

vehicle occupant deaths in single-vehicle crashes. However, a longer wheelbase or a larger 

                                                           
5
 Though there is no evidence showing that vehicle footprint has a direct impact of improving vehicle safety, it may 

still help protect occupants in vehicle crashes. Some studies have shown that a longer wheelbase could increase 
crush space and a wider track width could decrease the likelihood of rollover; and vehicle footprint is determined 
by multiplying the vehicle’s wheelbase by its average track width.   
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    Table 2.8   Firth Logit Regression of Single-Vehicle Crashes for Passenger Cars 

 Dependent Variable: Fatalities (Sample Size = 1775) 

 Coefficient Odds Ratio 
 (1) (2) (3) (4) (5) (1) (2) (3) (4) (5) 

Footprint 

(per    ) 

-0.07 

(0.06) 

  -0.07 

(0.13) 

 0.93 

(0.056) 

 

 

 0.93 
(0.12) 

 

Wheelbase 

(per   ) 

 -0.79** 

(0.40) 

  -1.16* 

(0.61) 

 0.45** 

(0.18) 

  0.31* 
(0.19) 

Curb Weight 

(per         ) 

  -0.45 

(0.42) 

-0.00 

(0.94) 

0.49 

(0.67) 

  0.64 
(0.27) 

1.00 
(0.93) 

1.63 
(1.10) 

Stability -3.70 

(4.00) 

-2.55 

(3.95) 

-3.83 

(3.65) 

-3.57 

(4.31) 

-2.20 

(3.76) 

0.02 

(0.10) 

0.08 

(0.31) 

0.01 
(0.03) 

0.03 
(0.12) 

0.11 
(0.42) 

Speed 1.44*** 

(0.46) 

1.47*** 

(0.45) 

1.45*** 

(0.46) 

1.44*** 

(0.46) 

1.48*** 

(0.46) 

4.22*** 

(1.93) 

4.35*** 

(1.99) 

4.25*** 
(1.93) 

4.20*** 
(1.91) 

4.39*** 
(2.01) 

Weekday -0.11 

(0.40) 

-0.11 

(0.40) 

-0.11 

(0.40) 

-0.10 

(0.40) 

-0.11 

(0.40) 

0.90 

(0.36) 

0.90 

(0.36) 

0.90 
(0.36) 

0.90 
(0.36) 

0.89 
(0.36) 

Night 0.90** 

(0.40) 

0.91** 

(0.40) 

0.91** 

(0.40) 

0.90** 

(0.40) 

0.90** 

(0.40) 

2.47** 

(0.99) 

2.49** 

(1.00) 

2.48** 
(1.00) 

2.46** 
(0.99) 

2.46** 
(0.99) 

Snow 1.37* 

(0.71) 

1.42** 

(0.71) 

1.36* 

(0.68) 

1.37* 

(0.71) 

1.44** 

(0.71) 

3.94* 

(2.81) 

4.15** 

(2.95) 

3.89* 
(2.77) 

3.92* 
(2.80) 

4.20** 
(2.99) 

Rain 0.08 

(0.68) 

0.04 

(0.68) 

0.11 

(0.68) 

0.09 

(0.68) 

-0.00 

(0.69) 

1.08 

(0.73) 

1.05 

(0.71) 

1.11 
(0.75) 

1.10 
(0.74) 

0.99 
(0.69) 

Fog 0.84 

(1.48) 

0.91 

(1.48) 

0.82 

(1.48) 

0.84 

(1.48) 

0.91 

(1.49) 

2.31 

(3.43) 

2.49 

(3.69) 

2.28 
(3.37) 

2.31 
(3.42) 

2.49 
(3.70) 

Middle 0.28 

(0.70) 

0.32 

(0.70) 

0.26 

(0.70) 

0.27 

(0.70) 

0.32 

(0.70) 

1.32 

(0.92) 

1.37 

(0.96) 

1.30 
(0.91) 

1.32 
(0.92) 

1.37 
(0.96) 

High 0.20 

(0.40) 

0.21 

(0.40) 

0.20 

(0.40) 

0.20 

(0.40) 

0.21 

(0.40) 

1.22 

(0.49) 

1.24 

(0.50) 

1.22 
(0.49) 

1.22 
(0.49) 

1.23 
(0.50) 

Male -0.11 

(0.39) 

-0.11 

(0.39) 

-0.10 

(0.39) 

-0.11 

(0.39) 

-0.13 

(0.39) 

0.90 

(0.35) 

0.90 

(0.35) 

0.90 
(0.35) 

0.90 
(0.35) 

0.88 
(0.34) 

Old 0.89* 

(0.50) 

0.92* 

(0.50) 

0.89* 

(0.50) 

0.89* 

(0.51) 

0.88* 

(0.51) 

2.43* 

(1.22) 

2.50* 

(1.27) 

2.44* 
(1.23) 

2.43* 
(1.23) 

2.42* 
(1.23) 

Negligence 

 

-0.58 

(0.69) 

-0.58 

(0.69) 

-0.60 

(0.69) 

-0.58 

(0.69) 

-0.55 

(0.69) 

0.56 

(0.38) 

0.56 

(0.38) 

0.55 
(0.38) 

0.56 
(0.39) 

0.58*** 
(0.40) 

      Standard errors are reported in parenthesis. 
      *** Significant at the 1 percent level. 
      ** Significant at the 5 percent level. 
      * Significant at the 10 percent level 
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    Table 2.9   Firth Logit Regression of Single-Vehicle Crashes for Light Trucks 

 Dependent Variable: Fatality (Sample Size = 854) 

 Coefficients Odds Ratios 
 (1) (2) (3) (4) (5) (1) (2) (3) (4) (5) 

Footprint 

(per    ) 

0.00 

(0.05) 

  0.15 

(0.10) 

 1.00 

(0.05) 

 

 

 1.16 
(0.11) 

 

Wheelbase 

(per   ) 

 0.38 

(0.45) 

  1.15** 

(0.52) 

 1.46 

(0.65) 

  3.15** 
(1.65) 

Curb Weight 

(per         ) 

  -0.46 

(0.45) 

-1.64* 

(0.97) 

-1.40** 

(0.65) 

  0.63 
(0.29) 

0.19* 
(0.19) 

0.25** 
(0.16) 

Stability -4.30 

(8.00) 

-2.28 

(8.02) 

-6.56 

(7.86) 

-7.87 

(7.28) 

-4.29 

(7.49) 

0.01 

(0.11) 

0.10 

(0.82) 

0.00 
(0.01) 

0.00 
(0.00) 

0.01 
(0.10) 

Speed -0.56 

(1.50) 

-0.60 

(1.51) 

-0.57 

(1.50) 

-0.71 

(1.52) 

0.66 

(1.52) 

0.57 

(0.86) 

0.55 

(0.83) 

0.57 
(0.85) 

0.49 
(0.74) 

0.52 
(0.78) 

Weekday -1.17* 

(1.64) 

-1.22* 

(0.65) 

-1.12* 

(0.63) 

-1.16* 

(0.64) 

-1.18* 

(0.64) 

0.31* 

(0.20) 

0.29* 

(0.19) 

0.33* 
(0.479) 

0.31* 
(0.20) 

0.31* 
(0.20) 

Night 0.47 

(0.69) 

0.45 

(0.69) 

0.55 

(0.70) 

0.60 

(0.69) 

0.61 

(0.70) 

1.60 

(1.10) 

1.57 

(1.09) 

1.73 
(1.21) 

1.83 
(1.27) 

1.85 
(1.29) 

Snow 0.44 

(1.52) 

0.41 

(1.55) 

0.48 

(1.50) 

0.49 

(1.52) 

0.59 

(1.54) 

1.55 

(2.36) 

1.51 

(2.33) 

1.62 
(2.43) 

1.63 
(2.49) 

1.82 
(2.80) 

Rain -0.93 

(1.50) 

-0.96 

(1.54) 

-0.95 

(1.48) 

-0.93 

(1.50) 

-0.91 

(1.51) 

0.40 

(0.59) 

0.38 

(0.58) 

0.39 
(0.57) 

0.39 
(0.59) 

0.40 
(0.61) 

Fog 1.20 

(1.59) 

-0.96 

(1.53) 

1.26 

(1.59) 

1.10 

(1.60) 

1.14 

(1.60) 

3.30 

(5.26) 

3.00 

(4.78) 

3.53 
(5.62) 

3.00 
(4.80) 

3.12 
(5.00) 

Middle 0.27 

(1.50) 

0.32 

(1.50) 

0.35 

(1.52) 

0.50 

(1.53) 

0.55 

(1.56) 

1.31 

(1.97) 

1.38 

(0.91) 

1.41 
(2.15) 

1.65 
(2.52) 

1.74 
(2.70) 

High 0.29 

(0.65) 

0.33 

(0.66) 

0.30 

(0.65) 

0.46 

(0.66) 

0.51 

(0.67) 

1.33 

(0.87) 

1.39 

(0.91) 

1.36 
(0.89) 

1.58 
(1.05) 

1.67 
(1.12) 

Male 2.72* 

(1.50) 

2.58* 

(1.48) 

2.92* 

(1.55) 

2.79* 

(1.60) 

2.79* 

(1.62) 

15.13* 

(22.65) 

13.22* 

(19.51) 

18.49* 
(28.73) 

16.36* 
(26.15) 

16.23* 
(26.35) 

Old 0.99 

(0.75) 

0.96 

(0.75) 

1.00 

(0.76) 

1.09 

(0.77) 

1.17 

(0.78) 

2.68 

(2.02) 

2.62 

(1.97) 

2.71 
(2.07) 

2.97 
(2.27) 

3.21 
(2.49) 

Negligence 

 

0.04 

(0.93) 

0.03 

(0.94) 

-0.04 

(0.93) 

-0.07 

(0.93) 

-0.09 

(0.95) 

1.04 

(0.97) 

1.03 

(0.97) 

0.96 
(0.90) 

0.93 
(0.86) 

0.91 
(0.87) 

      Standard errors are reported in parenthesis. 
      *** Significant at the 1 percent level. 
      ** Significant at the 5 percent level. 
      * Significant at the 10 percent level
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footprint of a light truck is most likely associated with a longer bed or a gibber cargo, but not 

necessarily a bigger crush zone or any lower force on the occupants. And, surprisingly, the 

coefficient on wheelbase in Model 5 has a positively significant sign.     

     Rollovers are among the most severe traffic crashes, and are of particular concern for 

occupants of light trucks (Walz, 2005). Parameter estimates of stability are negative and very 

large in magnitude, which is consistent with theory: the likelihood of fatality decreases as 

vehicle stability increases, saying a lower center of mass increases or a wider track width (Ross 

and Wenzel, 2011; Khazzoom, 1994).  However, all these estimates are not statistically 

significant from zero. The possible reason for this is that a vehicles’ height is not necessarily a 

good proxy for its center of gravity height, and thus the ratio of track width to height is not an 

appropriate measure of vehicle stability.   

After controlling for vehicle size and stability, the negatively significant coefficients on curb 

weight in Table 2.7 indicate that an increase in a light truck’s weight decreases the average 

probability of fatalities for its occupants. This finding confirms the historical correlation in 

vehicles of light weight with rollovers and higher traffic risk. The significant coefficient -1.40 on 

curb weight from Model (5) and the associated 0.25 odds ratio indicate that, a 1000-pound 

increase in average curb weight in light trucks, the odds of fatal injury versus non-fatal injury 

are 0.25 times lower, given other variables are held constant.  Among the other variables, 

occupants of light trucks are more likely to be killed in crashes that occur on weeks, when the 

driver is a male. These findings are different from those for passenger cars.  
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2.4   Conclusions  

2.4.1   Links between Fuel Economy and Occupant Fatalities 

The results of the fuel economy submodel and the vehicle safety submodel of this study shed 

some light on the relationship that might exist between enhanced vehicle fuel economy and 

single-vehicle occupant fatalities. Focusing on vehicle attributes, two links appear to emerge 

from our results for the two submodels. One runs through vehicle wheelbase and has to do 

with roleplayed by vehicle size in fleet fuel economy and occupant fatalities for passenger cars; 

the other runs through curb weight and has to do with the role played by weight in fuel 

economy and in fatalities for light trucks. 

2.4.1.1   Passenger Cars 

The relationship between fuel economy and vehicle safety has been debated in the U.S. for 

decades since the first CAFE standards were introduced. One of the main criticism is that those 

standards encourage downweighting of vehicles, and that leads to less safe vehicles and hence 

to more traffic highway facilities. The firth logit regression results of this study, however, 

indicate that, for passenger cars, downweighting is not likely to have the harmful effect 

attributed to it, at least in the cases of single-vehicle crashes. This result is very similar to those 

of Khazzoom, (1994), Ahmad and Greene (2005), Noland (2004, 2005) and Zachariadis (2008). 

In addition, the vehicle safety submodel estimation results show that increasing wheelbase, a 

measure of vehicle size, to increase crush space helps lower passenger car occupant fatality 

rates; meanwhile, the ridge estimates of the fuel economy submodel imply that a vehicle’s 
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wheelbase is positively, rather negatively, associated with fuel economy, after controlling for 

vehicle curb weight. This confirms O’Neil’s claim that crush distance is the most important 

safety parameter that doesn’t inherently conflict with greater fuel efficiency (O’Neil, 1995). 

Moreover, increasing size in selected ways, such as increased crush space and stiffness at the 

sides, is likely to be a powerful technique for reducing traffic fatalities. 

Considering that new CAFE standards are now depending on vehicle footprint, critics argue 

that the new CAFE standards may encourage manufacturers to make larger vehicles to avoid 

strict economy standards; however, my study shows that larger cars that decrease their own 

traffic safety risks are not necessary to be less fuel efficient. One can then expect that 

increasing vehicle size, while using lighter materials in automobile manufacturing to reduce car 

weight, makes it possible for society to increase both fuel economy and vehicle safety for 

passenger cars. 

2.4.1.2   Light Trucks 

    The fuel economy trade-off estimates in the vehicle fuel economy submodel for light trucks 

suggest that both size and weight have adverse effect on fuel economy. However, given the 

information on these related vehicle attributes, one can conclude that the magnitudes of these 

trade-offs are considerably small for modern vehicles. In addition, results from the firth logit 

regression that explain fatalities show that vehicle size does not have any significant effect on 

reducing traffic risk, while curb weight helps light trucks to protect their own occupants. 

Taken together, the analyses indicate that safer light trucks are heavier by only a few pounds 

and do not consume much more fuel than their counterparts with higher occupant safety risks, 
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everything else equal. Specifically, a light truck that is about 1000 pounds heavier is only 3 to 6 

MPG less fuel efficient when compared with its lighter counterpart; however for this 1000-

pound increase in curb weight, the odds of fatal injury versus non-fatal injury are 0.25 time 

lower, given all other variables are held constant. In other words, active and passive measures 

developed in recent years seem have improved light truck safety performance without adding 

much to curb weight.  

2.4.2   Footprint-based CAFE, Vehicle Size, and Traffic Safety  

As discussed above, starting with 2011 models, the federal government’s CAFE standards, 

which have sat frozen for years, is based on the footprint of each vehicle in a manufacturer’s 

fleet: every manufacturer’s CAFE requirement will be different, depending on the size of 

vehicles it produces. NHTSA believes the new regulation does not encourage downsizing 

because the fuel economy targets are based on the footprint attribute, and the target curve 

requires technology improvements from all size vehicles.  

If it is true that the footprint-based CAFE does not encourage downsizing or even gives firms 

an incentive to upsize their vehicles, this new regulation has the potential to help passenger 

cars to protect their occupants from being killed in single-vehicle crashes. Specifically, a longer 

wheelbase will provide a bigger crush space and a wider track width will provide a better 

stability. 
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2.4.3   Discussions  

Quantification of the relationship between fuel economy and automobile safety is a very 

difficult and I want to carefully note that this study has several important limitations. Perhaps 

the biggest stumbling block to model this relationship encountered in this study is data: the 

data available for this study are rather limited. In particular, since the newly amended 

footprint-based CAFE standards were introduced in 2011 have only been implemented for four 

years, also due to the availability of the GES data, the sample for vehicle safety submodel in this 

study is further limited to single-vehicle crashes involving vehicles produced from 2011 to 2013. 

And hence the number of observations of single-vehicle crashes for passenger cars was limited 

to 1775 and for light trucks was to 854. I acknowledge the statistical limitations due to the small 

sample size of this research and the results of this paper should not be overgeneralized. That is, 

the data does not suggest that a larger vehicle size only helps to protect passenger occupants, 

but not light truck occupants. That said, I believe that the effect of vehicle size on light truck 

occupant protection is rather limited, since physical characteristics such as bumper heights, stiff 

fronts, and outer dimensions for passenger cars and for light trucks seem to be very different.  

A data set with longer time span and larger sample size is needed for future work.  

In addition, there is no doubt that size and weight are two vehicle attributes that are highly 

correlated, which brings hurdles in accurately separating the effects of size and weight on 

automobile safety. As discussed before, quantitative studies of automobile safety have mostly 

treated weight and size interchangeably, and have used only the weight variable in the 

occupant injuries equations to avoid dealing with multicollinearity. Though I did not run into 

the problem of multicollinearity when I was fitting the regression models, there is still a 
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possibility that the coefficients estimates of size and weight variables in the two submodels 

might change erratically in response to small changes in the data. Also, though I used both 

footprint and wheelbase as the proxy for vehicle size to study the impact of vehicle size on 

traffic injuries, it is not completely obvious whether they are the appropriate measures of 

vehicle size for a given crash.  

For future research, including two-vehicle crashes in the study could be an interesting path. 

By doing this, one can not only examine the crashworthiness of vehicles, the risk of serious 

injury or death for occupants of that vehicle when it has been subject to some level of impact, 

but also study the aggressivity of the other vehicle involved in two-vehicle crashes. Previous 

studies have shown that vehicle design difference can adversely affect the risk of occupant 

injury, and weight differences are one example. Specifically, in two-vehicle crashes of given 

impact, heavier vehicles are safer for their own occupants but more hazardous for other 

vehicles (Evan and Frick, 1993; Anderson and Auffhammer, 2013). However, little research has 

been done on design characteristics besides vehicle weight with few exceptions: Lund et al. 

(2000) claim that vehicle height and front end stiffness may exacerbate crash incompatibility. A 

solid quantitative study on the internal benefits and the external costs of vehicle sizes should be 

interesting, and could be helpful to improve compatibility and to protect vehicle users.    

In addition, using vehicle crash test data to study how vehicle attributes affect automobile 

safety could be somewhat interesting. Traffic injuries in vehicle crashes database are not 

directly linked to a vehicle’s safety performance, but they occur as a result of numerous factors 

such as the quality of road infrastructure, occupant age, alcohol consumption, and so on. The 

vehicle crash test data, on other hand, reflect actual vehicle safety performance; and thus the 
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study on these test data could estimate the direct effect of vehicle attributes on automobile 

safety, and hence provide probably more objective guidelines for the design of vehicles for 

automobile manufacturers. NHTSA has performed safety tests using crash-test dummies since 

the 1970s, with recent tests involving thousands of sensors and computer aided models to 

determine the extent of life-threatening injuries likely to be received. Also, since this crash 

testing provides an early indication of the safety level of new cars and is a resource for 

consumers regarding vehicle crash safety, a study that compares NHTSA test results with real-

life crash outcomes could potentially help consumers and others better understand and 

evaluate the credibility of such tests. 
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   Appendix 2.A   Fuel Economy Submodel Estimations by OLS 
 

      Trade-Off Estimates for Passenger Cars by OLS 

 Dependent Variable: Log Fuel Economy (Sample Size = 654) 

 (1) (2) (3) (4) (5) 

ln(Footprint) -0.20** 
(0.08) 

 
 

 0.51*** 
(0.09) 

 

ln(Wheelbase)  -0.14 
(0.09) 

  0.65** 
(0.15) 

ln(Weight)   -0.41*** 
(0.07) 

-0.72*** 
(0.11) 

-0.66*** 
(0.11) 

ln(Stability) 0.26** 
(0.11) 

0.26** 
(0.11) 

0.04 
(0.14) 

-0.14 
(0.15) 

-0.09 
(0.15) 

ln(HP) -0.36* 
(0.19) 

-0.37* 
(0.19) 

-0.34* 
(0.18) 

-0.34* 
(0.18) 

-0.34* 
(0.18) 

ln(Torque) -0.02 
(0.17) 

-0.04 
(0.18) 

0.10 
(0.17) 

0.10 
(0.17) 

0.09 
(0.17) 

ln(MSRP) -0.02 
(0.03) 

-0.02 
(0.03) 

-0.00 
(0.03) 

0.04 
(0.03) 

0.03 
(0.03) 

Automatic 0.02* 
(0.01) 

0.01 
(0.01) 

0.02** 
(0.01) 

0.01 
(0.01) 

0.01 
(0.01) 

Hybrid 0.35*** 
(0.04) 

0.34*** 
(0.04) 

0.38*** 
(0.04) 

0.39*** 
(0.04) 

0.38*** 
(0.04) 

Adjusted    0.738 0.736 0.754 0.762 0.763 

a. Observations are by model and year for 2011-2014. Only passenger cars that were involved in single-vehicle crashes and were 
recorded in the 2010 to 2013 GES dataset were included.  

b. The specification is estimated by OLS regression. The dependent variable is the log of fuel economy of the corresponding vehicle 
model.  

c. The regression includes year dummies.  
d. Standard errors are reported in parenthesis. 
        *** Significant at the 1 percent level. 
          ** Significant at the 5 percent level. 
             * Significant at the 10 percent level. 
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     Trade-Off Estimates for Light Trucks by OLS 

 Dependent Variable: Log Fuel Economy (Sample Size = 291) 

 (1) (2) (3) (4) (5) 

ln(Footprint) -0.46*** 
(0.06) 

  -0.24*** 
(0.07) 

 

ln(Wheelbase)  -0.55*** 
(0.08) 

  -0.22** 
(0.09) 

ln(Weight)   -0.51*** 
(0.07) 

-0.31*** 
(0.09) 

-0.40*** 
(0.09) 

ln(Stability) 1.03*** 
(0.11) 

0.92*** 
(0.11) 

0.69*** 
(0.11) 

0.83*** 
(0.12) 

0.72*** 
(0.11) 

ln(HP) -0.03 
(0.08) 

-0.04 
(0.09) 

-0.03 
(0.08) 

0.00 
(0.08) 

0.01 
(0.08) 

ln(Torque) -0.33*** 
(0.09) 

-0.37*** 
(0.09) 

-0.32*** 
(0.08) 

-0.30*** 
(0.08) 

-0.30*** 
(0.08) 

ln(MSRP) -0.01 
(0.02) 

0.01 
(0.02) 

0.08*** 
(0.02) 

0.04 
(0.03) 

0.06** 
(0.03) 

Automatic 0.08*** 
(0.02) 

0.07*** 
(0.02) 

0.07*** 
(0.02) 

0.08*** 
(0.02) 

0.08*** 
(0.02) 

Adjusted    0.817 0.806 0.820 0.825 0.823 

a. Observations are by model and year for 2011-2014. Only light trucks that were involved in single-vehicle crashes and were recorded in 
the 2010 to 2013 GES dataset were included.  

b. The specification is estimated by OLS regression. The dependent variable is the log of fuel economy of the corresponding vehicle model.  
c. The regression includes year dummies.  
d. Standard errors are reported in parenthesis. 
      *** Significant at the 1 percent level. 
        ** Significant at the 5 percent level. 
          * Significant at the 10 percent level. 
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Technological Progress Estimates by OLS 

 Passenger Cars Light Trucks 

 (4) (5) (4) (5) 

2012 0.037** 
(0.015) 

0.039** 
(0.011) 

0.009 
(0.011) 

0.009 
(0.012) 

2013 0.040*** 
(0.009) 

0.041*** 
(0.013) 

0.016 
(0.013) 

0.014 
(0.013) 

2014 0.034** 
(0.014) 

0.036** 
(0.013) 

0.061*** 
(0.013) 

0.059*** 
(0.013) 

 
a. Observations are by model and year for 2011-2014. Only vehicles that were involved in single-

vehicle crashes and were recorded in the 2010 to 2013 GES dataset were included.  
b. The specification is estimated by OLS. 
c. Standard errors are reported in parenthesis. 

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 

       * Significant at the 10 percent level. 
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  Appendix 2.B   Linear-Linear Economy Submodel Estimations by Ridge Regression 
 

    Trade-Off Estimates for Passenger Cars by Ridge Regression: Linear-Linear 

 Dependent Variable: Log Fuel Economy (Sample Size = 654) 

 (1) (2) (3) (4) (5) 

Footprint -0.002** 
(0.001) 

 
 

 0.000 
(0.001) 

 

Wheelbase  -1.484 
(0.560) 

  1.726** 
(0.754) 

Weight   -0.451*** 
(0.07) 

-0.374** 
(0.152) 

-0.603*** 
(0.098) 

Stability 5.146 
(4.459) 

-2.711 
(3.722) 

-10.134*** 
(3.792) 

-1.836 
(5.338) 

-12.907*** 
(3.978) 

HP -0.041*** 
(0.010) 

-0.066*** 
(0.008) 

-0.060*** 
(0.008) 

-0.042*** 
(0.010) 

-0.060*** 
(0.008) 

Torque -0.005 
(0.012) 

0.017* 
(0.010) 

0.035*** 
(0.010) 

0.010 
(0.013) 

0.034 
(0.010) 

MSRP 0.000 
(0.000) 

0.000 
(0.000) 

0.000** 
(0.000) 

0.000 
(0.000) 

0.000*** 
(0.000) 

Automatic 0.671 
(0731) 

0.511 
(0.608) 

0.796 
(0.580) 

0.656 
(0.721) 

0.519 
(0.589) 

Hybrid 14.119*** 
(1.521) 

13.072*** 
(1.181) 

13.882*** 
(1.158) 

14.586*** 
(1.509) 

14.009*** 
(1.154) 

Adjusted    0.544 0.501 0.528 0.556 0.532 

a. Observations are by model and year for 2011-2014. Only passenger cars that were involved in single-vehicle crashes and were 
recorded in the 2010 to 2013 GES dataset were included.  

b. The specification is estimated by Ridge regression. The dependent variable is the log of fuel economy of the corresponding vehicle 
model.  

c. The regression includes year dummies.  
d. Standard errors are reported in parenthesis. 

            *** Significant at the 1 percent level. 
              ** Significant at the 5 percent level. 

            * Significant at the 10 percent level. 
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    Trade-Off Estimates for Light Trucks by Ridge Regression: Linear-Linear 

 Dependent Variable: Log Fuel Economy (Sample Size = 654) 

 (1) (2) (3) (4) (5) 

Footprint 
(per    ) 

-0.001*** 
(0.000) 

 
 

 -0.000* 
(0.000) 

 

Wheelbase 
(per   ) 

 -1.283** 
(0.169) 

  -0.719*** 
(0.206) 

Weight 
(per        ) 

  -0.236*** 
(0.029) 

-0.177*** 
(0.055) 

-0.162*** 
(0.036) 

Stability 15.515*** 
(3.765) 

16.212*** 
(2.464) 

11.944 
(2.553) 

9.489** 
(4.062) 

13.325*** 
(2.518) 

HP 0.004 
(0.007) 

-0.011*** 
(0.004) 

-0.005 
(0.004) 

0.008 
(0.007) 

-0.007* 
(0.004) 

Torque -0.039 
(0.008) 

-0.021*** 
(0.004) 

-0.017*** 
(0.004) 

-0.032*** 
(0.008) 

-0.015*** 
(0.004) 

MSRP 0.000 
(0.000) 

0.000 
(0.000) 

0.000 
(0.000) 

0.000* 
(0.000) 

0.000* 
(0.000) 

Automatic 1.106 
(0.916) 

1.180 
(0.543) 

1.173** 
(0.528) 

1.603* 
(0.887) 

1.389*** 
(0.524) 

Adjusted    0.749 0.743 0.755 0.772 0.763 

a. Observations are by model and year for 2011-2014. Only Light Trucks that were involved in single-vehicle crashes and were recorded 
in the 2010 to 2013 GES dataset were included.  

b. The specification is estimated by Ridge regression. The dependent variable is the log of fuel economy of the corresponding vehicle 
model.  

c. The regression includes year dummies.  
d. Standard errors are reported in parenthesis. 
     *** Significant at the 1 percent level. 

   ** Significant at the 5 percent level. 
         * Significant at the 10 percent level. 
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Technological Progress Estimates by Ridge Regression: Linear-Linear 

 Passenger Cars Light Trucks 

 (4) (5) (4) (5) 

2012 0.990 
(1.042) 

1.715*** 
(0.011) 

-0.458 
(0.578) 

0.078 
(0.276) 

2013 1.833 
(1.477) 

1.024* 
(0.605) 

-0.472 
(0.935) 

0.384 
(0.292) 

2014 -3.161 
(4.553) 

0.841 
(0.961) 

2.320 
(1.926) 

1.310*** 
(0.419) 

 
a. Observations are by model and year for 2011-2014. Only vehicles that were involved in single-

vehicle crashes and were recorded in the 2010 to 2013 GES dataset were included.  
b. The specification is estimated by Ridge Regression. 
c. Standard errors are reported in parenthesis. 

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 

       * Significant at the 10 percent level. 
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Chapter 3 

EVALUATING THE U.S. CORPORATE FUEL 

ECONOMY STANDARD REFORM IN A MEDIUM-

RUN MODEL WITH PRODUCER HETEROGENEITY 
 

 

Abstract 

        The U.S. Congress recently amended fuel economy regulations on new passenger vehicles. 
This new corporate average fuel economy (CAFE) standard, effective in model year 2011, 
establishes an individual fuel economy target for each vehicle, based on vehicle footprint such 
that manufacturers that produce larger vehicles can meet lower fuel economy standard. Using 
detailed model-level data on the vehicles produced and sold between 2012 and 2014 in the U.S., 
this paper employs an empirically estimated medium-run model to study the equilibrium 
effects of the 2011 CAFE reform. Heterogeneity across firms is identified based on their most 
recent compliance behavior under the footprint-based fuel economy standards, and firms’ 
choices of price and vehicle attributes are captured in a Bertrand model with differentiated 
products. Consumer demand is assumed to follow a nesting structure, in which long-run vehicle 
design decisions are used as instrumental variables to solve the endogeneity problem. After 
controlling for the overall fleet fuel economy performance, counterfactual policy simulation 
results suggest that the negative profit impacts of the CAFE reform fall almost entirely on Asian 
automakers that are historically constrained by the old flat CAFE. Furthermore, estimates 
suggest that the perverse incentive for firms to increase vehicle size clearly exists, though the 
extent is rather limited. Finally, according to the finely detailed compositional changes across 
vehicle classes, one can expect the CAFE reform to have a positive effect on accident safety.  
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3.1   Introduction 

In the Energy Policy and Conservation Act (EPCA) of 1975, the fuel economy targets were 

specified for new passenger cars and light trucks sold in the United States by the CAFE 

standards. However, calls to increase fuel economy by the CAFE standards raised the concerns 

about occupant safety of the new and more fuel efficient vehicles, and have been under fierce 

debate for several decades. Responding to criticisms that the old flat CAFE standard 

encouraged the production of smaller and lighter vehicles, which unfavorably impacts domestic 

automakers compared to foreign automakers and may also increase traffic safety risks, the US 

Congress recently modified the design of the CAFE standard: starting in 2011, the CAFE 

standard is newly expressed as a mathematical function depending on vehicle footprint, a 

measure of vehicle size determined by multiplying the vehicle’s wheelbase by its average track 

width. A complicated 2011 mathematical formula was replaced starting in 2012 with a simpler 

inverse-linear formula with cut-off values. Figure 3.1 plots the inverse target function (i.e., fuel 

consumption) for passenger cars under the 2012 CAFE standard as an example: under this 

schedule, larger vehicles are allowed to have higher fuel consumption. The solid line is the 

inverse-target function defined by the National Highway Traffic Safety Administration (NHSTA), 

and the scatter plots are the empirical targets for all 2012 model year (MY) passenger cars in 

my sample.  

In addition, the 2007 Energy Independence and Security Act (EISA) instructed the NHTSA to 

expand the credit banking system and establish a credit trading and transferring scheme to 

allow manufacturers to transfer credits between categories and to sell them to another  
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Figure 3.6   2012 US CAFE Inverse-Target Function, Passenger Car 
 

 

manufacturers or non-manufacturers. 

This paper contributes an empirical prediction of the actions that automobile producers take 

to meet the new footprint-based CAFE standard, and a measure of the welfare and 

distributional impacts across both producers and consumers associated with this fuel economy 

standard reform. By presenting a medium-run Bertrand model with differentiated products in 

which automotive manufactures can modify vehicle footprint and trade off engine power and 

fuel economy, this paper explores whether the footprint-basing design creates a perverse 

incentive for firms to distort their choice on vehicle footprint, upon which compliance depends. 
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Finally, the safety analyses consider how the CAFE reform changes the composition of vehicle 

fleet and choice on vehicle footprint across vehicle classes, influencing accident safety.  

One major goal of this paper is to contribute to the broader CAFE studies by adding to the 

small literature that does consider attribute-basing. Though there is a substantial literature on 

CAFE (Evans, 1984; Khazzoom, 1994; Crandall and Graham, 1989; Greene, 1998; Goldberg, 1998; 

Kliet, 2004; Noland, 2004; Ahmad and Greene, 2005; Austin and Dinan, 2005; Trian and 

Winston, 2007; Gramlich, 2009; Anderson and Sallee, 2011; Jacobsen, 2013a), all these papers 

study CAFE before the introduction of the footprint-based standard with few exceptions. 

Gillingham (2013) proves that the current footprint-based standard will lead to a perverse 

incentive for automakers to upsize vehicles using a theoretical model, and discusses how a 

string feebate policy can be designed to match the current CAFE using the National Energy 

Modeling System. Jacobsen (2013b) addresses the safety impact of CAFE and claims that the 

footprint-based standard corresponds to only a small deterioration in safety that is at the 

expense of large efficiency cost. Whitefoot and Skerlos (2012), whose approach is most similar 

to mine, simulates firms’ responses to a tightening of CAFE standard in medium-run using a 

wide ranges of simulated scenarios for consumer preferences. Their results suggest that the 

footprint-based CAFE standard creates an incentive for firms to increase vehicle size except 

when consumer preference for vehicle size is low and for acceleration is very high. 

I address three challenges unmet in the above literature. The first is the treatment of 

heterogeneous response to the footprint-based CAFE across firms. Following Jacobsen (2013a), 

most recent studies (Anderson and Sallee, 2011; Klier and Linn, 2012; Roth, 2012) accounts for 

the heterogeneity in the compliance behavior of firms to the CAFE standard by separating them 
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into three categories: unconstrained firms that exceed the standard, constrained firms that 

meet the standard, and fine-paying firms that pay the fine for failing to comply with the 

standard. However, Jacobsen’s assignments of firms to these three categories are based on 

firms’ historical response to the old CAFE, the compliance behavior of firms under the reformed 

CAFE standard is less clear from extent literature. Whitefoot, Fowlie, and Skerlos (2011) argue 

that it is difficult to know whether firms that have historically met the standard would choose 

to violate the higher reformed CAFE standard if it were more profitable. Consequently, they 

characterize all firms into two groups: firms that are constrained to meet the CAFE standard 

and firms that can violate the standards and instead pay the corresponding fines. Historically 

unconstrained firms are modeled as either being constrained by the regulation or violating the 

standard, based on those firms’ most profitable option. Their simulation results suggest that it 

is more profitable for even Toyota and Honda to violate the reformed CAFE standard and pay 

the corresponding fines.  

Nevertheless, the NHTSA’s 2014 Summary of Fuel Economy Performance shows that all those 

“historically” unconstrained firms neither operate at the constraint nor violate the standard and 

pay the fine under the reformed CAFE standard, which is contrary to the assumption in 

Whilefoot, Fowlie and Skerlos (2011). In fact, the response of those firms to the reformed CAFE 

is heterogeneous and can be further divided into two groups. The first group consists of firms 

that continue meeting the standard and have surpassed the standard by a relatively large 

margin for both vehicle fleets. Another group is comprised of the remaining firms, including 

Toyota, Kia, Hyundai, Nissan and Mazda, whose passenger cars still exceed the standard while 

light truck fleet has just met the standard or violated the standard by a small margin beginning  
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Table 3.10   Traditionally Unconstrained Asian Automakers’ Fuel Economy Performance, 2009-2014 

  2009 2010 2011 2012 2013 2014 

Firm Fleet STD ACT STD ACT STD ACT STD ACT STD ACT STD ACT 

Hyundai IP 27.5 34.1 27.5 36.3 30.1 35.7 32.6 38.7 34.0 39.8 34.4 37.3 
 LT 23.1 25.9 23.5 30.0 26.4 28.6 28.7 29.0 28.7 28.5 28.7 27.5 

Kia IP 27.5 35.2 27.5 36.6 30.6 34.6 33.1 36.2 33.3 38.0 34.4 32.1 
 LT 23.1 25.0 23.5 25.7 26.0 28.8 26.0 28.0 28.4 27.8 27.8 26.9 

Toyota DP 27.5 32.5 27.5 37.0 30.5 34.2 32.8 36.9 33.9 36.4 34.4 39.1 
 IP 27.5 39.4 27.5 44.6 30.7 42.7 33.9 46.0 34.1 44.4 34.9 42.9 
 LT 23.1 26.2 23.5 26.1 24.5 25.4 25.7 25.5 26.5 26.0 26.7 25.8 

Mazda IP 27.5 32.6 27.5 33.8 31.1 31.8 33.9 37.9 34.8 39.4 34.5 42.3 
  27.5 30.4   30.7 33.8       
 LT 23.1 26.6 23.5 26.7 25.6 24.7 27.2 27.8 28.1 30.4 31.4 28.8 

Nissan DP 27.5 23.3 27.5 32.5 30.6 34.7 32.9 35.2 33.5 41.4 34.7 41.9 
 IP 27.5 33.9 27.5 34.7 30.7 33.5 34.1 35.2 34.1 34.4 34.2 33.1 
 LT 23.1 25.7 23.5 24.9 25.1 24.8 26.1 24.4 27.0 27.1 27.3 27.7 

a. The table summarizes fuel-economy performance for the traditionally unconstrained firms during 
the 2009-2014 MYs. Since the 2007 EISA allows manufacturers to trade credits across fleets 
beginning with the 2011 MY, the difference in firms’ compliance behavior before and after 2011 MY 
can be considered as a result of this quasi-experiment variation in the CAFE trading provision.  

b. DP, IP, and LT represent domestic passenger cars, import passenger cars, and light-duty trucks 
respectively. STD and ACT are the fleet specific CAFE standard and actual fuel economy performance, 
respectively, for each firm.  

c. No final data received from EPA for Kia and Hyun in 2013 MY, the CAFE standard and actual 
performance are calculated using sample data.  

d. Automakers’ violations of the CAFE standard are in bold.  
 

with 2011 MY. Table 3.1 summarizes the second group of the “historically” unconstrained firms’ 

most recent response to the CAFE standard during the 2009-2014 MYs. Since the CAFE reform 

took place in 2011, the 2011 MY can be considered as a watershed in these firms’ compliance 

behavior. For example, Toyota, whose car and light truck fleets have well surpassed the 

unreformed CAFE standard every year since 1978, regularly violated the reformed standard for 

its truck fleet between 2012 and 2014, three out of four years since the 2011 reform. Though 

automakers like Toyota have occasionally or regularly violated the standard for their truck fleet, 

the Summary of CAFE Fines Collected shows that they have not paid a fine. This is because the 

2007 EISA allows manufacturers to comply with the standard by transferring credits from one 
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of its fleets (e.g., passenger car) to the fleet with the shortfall (e.g., light truck) beginning with 

the 2011 MY. Thus, my vehicle supply model does not only include all three groups defined by 

Jacobsen (2013a), but also encompasses the behavior of these “historically” unconstrained but 

recently changed firms of a separate group. I argue that these firms strategically use the credit 

trading provisions to relieve the higher reformed CAFE constraint on their light trucks, and call 

them strategic firms.  The shadow prices of transferring credits between vehicle fleets within a 

firm are estimated. 

A second unmet challenge I address is measuring the welfare and distributional effects of the 

CAFE reform and the possible distortion in firms’ choice on vehicle footprint due to the 

attribute-basing design of the new standard. A number of prior studies (Jacobsen, 2013a; Klie 

and Linn, 2012) have examined the welfare impacts of an increase in the old CAFE, and find that 

consumers pay most of the costs of the policy. Much of the consumer welfare loss comes from 

the shift in composition of the vehicle fleet toward small vehicles. In addition, the distribution 

incidence among producers shows that the increase in the old flat standard significantly 

reduces the profits of constrained firms (e.g., domestic automakers). This result reflects the 

substitution pattern of consumers away from the models sold by constrained firms and toward 

the larger vehicles sold by unconstrained firms and firms that pay the fine. Nevertheless, to the 

best of my knowledge, the welfare and distributional impacts of the CAFE reform have not been 

well studied. This is because the new CAFE standard has only been adopted for five years, and 

firms’ heterogeneous behavior under the new standard was not clearly identified. Since the 

design purpose of the footprint-based CAFE is to provide a weaker regulation for products or 

firms that will find compliance more difficult, one can then expect that manufacturers  
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Figure 3.7   2012 US CAFE Standards, Passenger Cars 

  

a. Figure 2 is calculated using the sample data of 2012 passenger cars. The solid line is the NHTSA’s 
estimated average fuel economy of 2012 Passenger Cars, which is at the value of 31.8 MPG. 

b. There is no requirement for a manufacturer to meet any particular overall actual MPG target in 
this footprint-based CAFE, and that will depend on the mix of sizes of vehicles manufactured and 
ultimately purchased by consumers. Therefore, it is almost impossible to find a one-to-one 
relationship between sales-weighted average footprint vs. CAFE standard. 

c. To simplify, I assume that all vehicle models’ sales are exactly the same, and the sales-weighted 
average footprint vs. CAFE standard relationship can then be approximated by the footprint vs. 
target fuel economy relationship. 

d. The idea behind is figure is that firms with larger sales-weighted average footprint are allowed 
to meet lower CAFE standards given the footprint-basing structure of this new CAFE.   
 

producing relatively large vehicles and were more constrained by the old CAFE are potentially 

the biggest beneficiaries.      

To see this, consider the two firms labeled in Figure 2. Obviously, for a firm like Firm A that 

produces many large vehicles and thus has a relatively large sales-weighted average footprint, 
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the compliance cost to meet the footprint-based standard is much lower than the compliance 

cost to meet the flat standard, as the flat standard requires a large improvement in fuel 

economy while the footprint-based standard is unbinding. Meanwhile, firms that have 

historically made small vehicles and met the standard could be the biggest victims. Consider 

Firm B labeled in Figure 3.2: because the sales-weighted average footprint of vehicles produced 

by Firm B is relatively small, the associated fleet-wide fuel economy standard is relatively high 

according to the design of footprint-based CAFE. In this case, Firm B needs to improve its 

vehicles’ fuel efficiency in general to improve its sales-weighted footprint fuel economy 

performance, and thus to meet the more stringent footprint-based standard, while it needs not 

have done this if the standard was flat. Furthermore, as the regulation burden is tilted in favor 

of the firms that were constrained to the old standard, there is no need for them to cut their 

production of large, high-horsepower vehicles to meet the new standard, the substitution 

pattern found by Klie and Linn (2012) and Jacobsen (2013a) under the old CAFE will mostly 

disappear.  

To explore whether the footprint-basing design of the new CAFE standard distorts 

automobile manufacturers’ choice on vehicle footprint, Whitefoot and Skerlos (2012) take an 

important step. Using a wide range of scenarios for consumer preferences, they argue that the    

footprint-based standard creates an incentive for automakers to increase vehicle size except 

when consumer preference for vehicle size is near its lower bound and preference for 

acceleration is near its upper bound. However, when they estimate the “distortionary” effect of 

the footprint-based CAFE, they only compare the sales-weighted footprint of MY 2006 vehicles 
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Table 3.11   Changes in sales-weighted average vehicle footprint and fuel economy 

 Change in Footprint (square feet)  Fuel Economy (mile per gallon) 

Passenger Car +5.7 +5.7  
Light Trucks +9.9 +3.8  

a. The changes in sales-weighted average vehicle footprint are the simulations results reported by 
Whitefoot and Skerlos (2012) given midpoint consumer preferences. 

b. The changes in sales-weighted average fuel economy are from the Summary of Fuel Economy 
Performance by NHTSA. 

 
with the predicted sales-weighted footprint of vehicles under the simulated MY 2014 footprint-

based standard. If one considers the fact that the MY 2014 standard results in a much better 

CAFE performance relative to the MY 2006 standard, as reported in Table 3.2, it is hard to 

conclude that the footprint-basing design of CAFE diminish the policy’s goal of reduced fuel 

consumption. Also, technological progress that took place in automobile industry between 

2006 and 2014 is expected to help firms significantly improve fuel economy without making 

much change to other vehicle attributes such as footprint (Knittel, 2012); and this fact would 

therefore bias Whitefoot and Skerlos’s (2012) estimates of firms’ choice on footprint.  

To better address the distributional implications of the CAFE reform and to explore whether 

the footprint-basing design is distortionary, I simulate a flat standard that generates about the 

same performance in fuel economy for each fleet as the real-world 2014 MY footprint-based 

standard does. Since fuel economy performance under the two policies is controlled to be the 

same, the redistribution of social surplus and the change in footprint due to the footprint-based 

CAFE will give us a better understanding of this fuel economy reform.  

The third question I address in this paper is safety analyses considering how the fuel economy 

reform changes the composition of the vehicle fleet and firms’ choice on footprint across 

vehicle classes, influencing accident safety. Jacobsen (2013b) studies how fuel economy policies 
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change the composition of the vehicle fleet, and claims that the shift to smaller vehicles within 

the car and light truck categories prescribed under the old CAFE causes deterioration in safety 

that is only partially offset by reductions in poorly matched accidents. He also shows that, to 

accomplish a same fuel economy target, the footprint-based standard only results in a small 

deterioration in safety when compared with the old CAFE.  However, this aggregation up to 

class level analysis in Jacobsen’s study presents a caveat that is important here. That is, if the 

changes in vehicle attributes, such as footprint, under fuel economy rules are heterogeneous 

across vehicle classes, more finely detailed compositional changes are concealed by two seemly 

“similar” combinations of vehicle classes. Thus, a disaggregation of vehicle classes could identify 

more finely grained changes within the current class definitions. Except for changes in fleet 

composition, this study also examines the changes in vehicle footprints across vehicle classes 

due to the reform. Though the internal and external effects of footprint on safety have not 

been unveiled by extant literature, if there is a strong correlation between footprint and weight, 

the dispersion of footprint across the entire fleet of vehicles can be considered as a solid 

indicator of crash incompatibility, which is said to lead to more dangerous, fatal crashes 

(Anderson and Auffhammer, 2011).  

My results reflect these innovations. Considering producer heterogeneity, I first examine the 

welfare and redistribution impact of the CAFE reform, and find that consumers are better-off 

while producers are worse-off due to the reform. At the manufacturer level, the constrained 

firms is the only group that benefit from the reform, while historically unconstrained firms are 

the largest victims. Two key mechanisms behind this result are the harmonization of the 

regulation across firms and the disappeared substitution pattern from domestic constrained 



 

75 
 

firms to unconstrained or fine-paying firms in the large and high-horsepower vehicle market 

under a higher standard. In addition, at the aggregate level, I find that automakers respond the 

attribute-based fuel economy regulation by moderately increasing the footprint of their 

vehicles.  

Finally, changes in fleet composition and footprint due to the CAFE reform are simulated. 

Jacobsen (2013b) demonstrates the shifts in the composition of vehicle ownership to smaller 

vehicles within car and light truck categories translating into an adverse safety effect. By 

holding fleet-level fuel economy performance constant, I find that the CAFE reform results in a 

shift to larger vehicles within each fleet, and a broader switch away from light trucks and into 

cars, both improving traffic safety, according to Jacobsen (2013b). In addition, the footprint-

based standard leads to a downsizing for light trucks and an upsizing for passenger cars at fleet 

level, translating a decrease in vehicle diversity and hence an improvement in safety. This 

positive effect on safety is partially offset by increasing incompatibility in extremely poorly 

matched accidents.  

The rest of the paper is organized as follows. Section 3.2 describes the recent CAFE reform, 

and provides an overview of the vehicle design process along with the industry response to fuel 

economy standard. Section 3.3 and Section 3.4, respectively, detail the supply of new vehicles 

with particular focus on the firm heterogeneity and the demand of new vehicles in the United 

States. Data used in the demand- and supply-side estimations and the estimation procedure are 

described in Section 3.5.  Section 3.6 discusses the distributional impacts and the safety effects 

of the CAFE reform, with conclusions in Section 3.7. 
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3.2   Regulation and Vehicle Design Process 

3.2.1   Fuel Economy Regulation 

   Following the 1973 oil crisis, Congress passed the EPCA in 1975 to reduce oil imports. In the 

Act, the fuel economy targets were specified for new passenger cars and light trucks sold in the 

United States by the CAFE standard. In 2007, Congress modified the design of the CAFE 

standard. The reformed CAFE establishes a fleet-MY specific fuel economy target,     , for each 

vehicle, based on vehicle footprint such that vehicles with larger footprints have lower targets. 

Specifically, the MY   fuel economy target for vehicle   in fleet  , passenger cars or light trucks, 

as an inverse-linear function of vehicle footprint with cut-off values is described by:  

                                                            
 

                    
 
   
  

 
   
 
                                                     

where    is the footprint for vehicle   that is the product of the vehicle’s wheelbase and average 

track width in square feet;     and     are the high and low fuel economy targets at year   that 

increase from 2012 to 2014 and are constant for all vehicles in fleet  ; and     and     are the 

adjustment factors that are fleet ( ) and time ( ) specific. Parameter     is measured in gallons 

per mile per foot-squared, and parameter     is measured in gallons per mile. I refer to     as 

the policy’s attribute-slope,        , and this attribute-slope is equal to zero if the vehicle’s 

footprint-based inverse-target (i.e.,           ) lies beyond the cut-off inverse-targets (i.e., 

 

   
 and 

 

   
 ).  
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The MY-fleet specific CAFE standard,            , is calculated for a producer   as a 

harmonic average of the fuel economy targets of the firm’s vehicles produced and sold in fleet 

  at year  : 

                                                                                     
           

 
    
          

                                                               

The variables      and      in Equation (2) are respectively the number of vehicles produced 

for sale and the fuel economy target for vehicle   in vehicle fleet   (i.e., passenger cars or light 

trucks) of MY t, where the set of vehicles in fleet   produced by firm   at year   is denoted by 

    . 

    To comply with the CAFE standard, the sales-weighted harmonic average fuel economy (   ) 

of the vehicles of each fleet must be greater or equal to the CAFE standard described in 

Equation (3.2): 

                                                                            
          

 
   
         

 
          

 
   
          

                                                                

and this CAFE inequality constraint in Equation (3) can be simplified as 

                                                                                
 

    
 

 

   
   

      

                                                               

where     is the fuel economy of vehicle   of MY  , measured in miles per gallon (mpg). If the 

average fuel economy of a manufacturer’s annual fleet of vehicle production falls below the 

applicable requirement, the manufacturer must either apply sufficient CAFE credits to cover the 

shortfall or pay a fleet-specific penalty, currently at the value of $55 per mile per gallon under 
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the standard, multiplied by the manufacture’s total production for the U.S. domestic market 

within that fleet. 

3.2.2   Credit Trading in the US CAFE Standard 

    The 1975 Energy and Conservation Act authorized a credit banking system for individual 

manufacturers: allowing them to carry credits forward and backward for up to three MYs. This 

program was expanded by the 2007 EISA to allow manufacturers to trade credits with each 

other and to transfer credits between their car and light truck fleets. In addition, the period 

over which credits could be carried forward was extended from three years to five. Based upon 

the new provisions in EISA, the NHTSA established a credit trading and transferring scheme to 

help manufacturers meet their CAFE standard beginning with the 2011 MY. Put simply, if the 

manufacturer’s average fuel economy exceeds the standard, then the manufacturer earns 

credits. On the other hand, if a manufacturer’s actual average mpg does not meet the 

applicable standard, then it has a shortfall for that fleet.  

A credit is expressed in tenths of a mile per gallon, and is defined as the difference between 

standard and actual CAFE performance for each vehicle in the fleet; and the total credits of a 

typical firm   in car (C) and truck fleets (F), respectively, are calculated as 

               
     

                     

                                                          
     

                                                             

When transferring credits between compliance categories, the fuel economy credits must be 

adjusted to ensure equivalent oil savings are preserved. This is because the lifetime fuel saving 
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of vehicles depends on lifetime expected vehicle miles traveled (VMT) and the baseline fuel 

economy, both of which vary by vehicle category and MY. NHTSA requires that the number of 

shortfall credits a firm plans to offset be multiplied by an adjustment factor to determine the 

number of required equivalent credits to acquire from the credit earner. The adjustment factor 

is calculated by the following formula: 

  
                     
                     

                                                             

where   is the adjustment factor applied to traded or transferred credit;      and      are, 

respectively, the fleet-MY specific lifetime VMT in which the credit is earned and in which the 

credit is used for compliance;       and       are, respectively, the fleet-MY specific CAFE 

performance in which the credit is earned for the credit earner and the fleet-MY specific CAFE 

in which the credit is used for compliance for the credit user;           and           are, 

respectively, the fleet-MY specific fuel economy standard in which the credit is earned for the 

credit earner and the fleet-MY specific fuel economy standard in which the credit used for 

compliance for the credit user. Table 3.3 summarizes the expected VMT for the two compliance 

categories in various MYs calculated by NHTSA.  

    The expansion of the CAFE compliance credit trading system has two important implications. 

The first is that, theoretically, firms whose car and truck fleets both exceed the standard (i.e., 

firms are unconstrained by the regulation) will have an incentive to further improve the fuel  

Table 3.12   Life Time Vehicle Mile Traveled (VMT) 

 2012 2013 2014 2015 2016 

Passenger Cars 177,238 177,366 178,652 180,497 182,134 
Light Trucks 208,741 208,537 209,974 212,040 213,954 
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efficiency of their vehicles, since they can sell their “excess compliance” to firms that have a 

shortfall for their fleets.  Such a trading system implies that the regulation binds only on the 

market as a whole, rather than on the individual firms. This tradability of credits across firms 

has the potential to improve equity and enhance efficiency of the CAFE standard by equalizing 

marginal costs of regulatory compliance across actors. Specifically, if the market for these 

credits is competitive, then the shadow cost of the regulation will be uniform across firms and 

fleet, and is equal to the equilibrium price of a credit.  

The second is that firms are allowed to violate the standard for one fleet and to transfer the 

credits earned from another fleet to the fleet with the shortfall under the reformed CAFE. For 

example, several previous studies have showed that the CAFE standard generally binds more 

for trucks than for cars (Anderson and Sallee, 2011; Whitefoot and Skerlos, 2012; Roth, 2012). If 

a firm finds complying with the higher new standard is easy for cars but difficult for trucks, it 

can transfer the fuel credit it earns from car fleet to its light truck fleet. In this situation, the 

CAFE regulation binds only on all vehicles produced by the automaker as a whole, rather than 

on each fleet. Since the credits transferred between compliance categories are adjusted to 

ensure equivalent oil savings are preserved, theoretically, this across-fleet within-firm credit 

transfer should have no adverse effect on the goal of reducing fuel consumption, but will only 

increase the efficiency of the regulation.  

    The first implication of the expanded CAFE credit trading scheme is beyond the scope of this 

paper for two reasons. One is that the trading process is complicated and due to the limitation 

on the detailed credits trading record, it is not possible to infer the price of a credit between 

firms. Another reason is that there is no evidence showing that this provision has never been 
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applied by any firm in past few years: the US automotive market is highly competitive, and 

there is no solid reason to believe that firms will trade with each other, which makes such a 

system difficult to implement (Jacobsen, 2013a). The last is that firms are uncertain about 

future fuel prices or actual fuel savings, saving the credits that it earns from a year when it is 

above the standard for the years when it falls below the standard is probably a better choice for 

risk-averse firms.  

 The second allowance of the CAFE credit trading provisions has benefited some automobile 

manufacturers in past few years: several Asian firms including Toyota, Kia, Hyundai, Nissan, and 

Mazda made use of the within firm credit trading provision to meet a shortfall. Specifically, 

these firms’ passenger cars have well surpassed the standard while their truck fleet violates the 

standard occasionally or regularly, without paying a fine by transferring credits from car fleet to 

truck fleet.  

These credit trading schemes are argued to have little direct impact on the behavior of firms 

that are constrained by the CAFE standard or firms violating the standard and paying the 

associated fines. The constrained firms spend some years under the standard for some fleets, 

and some years over, using credits from the good years to offset under-compliance in the bad 

years. Firms paying the penalties associated with violation are those who believe it is more 

profitable to violate the standard. There is no evidence showing that these constrained and 

fine-paying firms are able or willing to make use of either allowance of the CAFE credit 

provisions as discussed above. 
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3.2.3   Vehicle Development Process 

The design response of an automotive manufacturer to a fuel efficiency standard depends 

substantially on the structure of vehicle development process. This process is a structured 

sequence of interrelated decisions, many of which constrain choices made at later stages 

(Sörensen 2006). The typical design process begins with a concept development, followed by a 

system-level design that defines the geometric layout of vehicle, followed by a detailed design 

of all subsystems (Sörensen 2006; Weber 2009).  

My analysis of firms’ responses to the CAFE reform focuses on medium-run vehicle design 

decisions and short-run vehicle pricing decisions. At this point in the vehicle development 

process, many major parameters of the vehicle have been determined including the segment of 

vehicle, some key internal and external dimensions, and the powertrain architecture. Following 

the literature I define the medium-run as the period of time in which firms can adjust a 

vehicle’s footprint, power, and fuel economy after the early stage parameters of vehicle design 

have been determined. To explore the trade-off between footprint, engine power, and fuel 

economy, I consider fuel economy as dependent on the decisions on footprint and engine 

power, and use data for 2012-2014 MY to estimate the following equation: 

                                                                   
                                               

    The dependent variable is the log of the fuel economy (   ) of a vehicle   for MY  , and the 

first two variables are the logs of footprint (   ) and power (   ) of that vehicle. The vector     

summarizes powertrain variables that can be modified in a way that does not require the firm 

to redesign the engine or transmission in the medium-run (e.g., engine displacement, final drive  
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Table 3.13   Technology Trade-offs 

 Dependent Variable: Log Fuel Economy 

 (1) (2) 

Log Footprint -0.434*** 
(0.048) 

-0.444*** 
(0.064) 

Log Power -0.116*** 
(0.031) 

-0.119*** 
(0.036) 

   0.842 0.855 
Number of Observations 737 737 
Manufacturer Fixed Effects Firm Branch 

a. Observations are by model and year for 2012-2014. The specification is estimated by ordinary least 
squares. The dependent variable is the log of fuel economy of the corresponding vehicle model. All 
columns include the log of footprint and engine power.  

b. The table reports coefficient estimates with standard errors in parentheses. The regression includes 
firm-year interactions.  

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 
           * Significant at the 10 percent level. 

ratio, cylinder deactivation, and etc.). Equation (3.7) also includes firm and time fixed effects. 

The  ’s represent the technological tradeoff between footprint, horsepower, and fuel economy, 

estimation results are reported in Table 3.4; Column (1) and Column (2) include firm and branch 

fixed effects (recall that different branches of the same parent company comprise a single 

company), respectively. The negatively significant coefficients on footprint and engine power 

reported in Table 3.4 suggest that firms can increase fuel economy by decreasing footprint and 

engine power in the medium-run. Specifically, estimates in Column 1 show that a 10 percent 

increase in footprint will result in a 4.34 percent decrease in fuel economy, and a 10 percent 

increase in engine power is associated with a 1.16 percent decrease in fuel economy. 
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3.3   The Supply of New Vehicles 

3.3.1   Heterogeneous Response to CAFE: Four Types of Firms 

I develop a dataset and metric to examine the division of major automakers into four 

categories. The analysis is based on firms’ most recent compliance behavior under the recently 

reformed footprint-based CAFE. Table 3.A in appendix summarizes the fuel economy 

performance of all major automobile firms in the United States during the 2012-2014 MYs. In 

contrast to Goldberg (1998), Whitefoot, Fowlie, and Skerlos (2011), and Jacobsen (2013a), I not 

only consider firms whose fleets have well surpassed the standard, firms that are affected by 

the CAFE fines, and firms that are constrained by the regulation, but also firms that transfer 

credits from one fleet to the other fleet with shortfall through the credit banking system.  

Groups 

i. The first group consists of firms whose car and truck fleets both exceed the standard by 

a wide margin and that are unconstrained by the new footprint-based regulation, which 

is consistent with these firms’ historical compliance behavior before the 2011 CAFE 

reform. Honda, Subaru, and Mitsubishi are the three firms in this category.  

ii. The second category consists of firms that have been well below the standards, so I 

allow them to violate the CAFE and pay the legally required penalties. Daimler and 

Jaguar Land Rover are the two largest firms in this group. They have both violated the 

old CAFE for each model year since 1987, and continue violating the standard under the 

new footprint-based CAFE. 
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iii. The third group is comprised of firms that are constrained by CAFE standard. These are 

firms that, in the absence of regulation, would choose to produce a fleet that falls below 

the CAFE standard, but alter their fleet such that it just meets the standard when 

regulation is introduced. Some argues that CAFE introduced footprint-based standard in 

order to favor the Detroit makers (who have an advantage in large vehicles) and their 

consumers relative to their Asian rivals. The constrained firms, therefore, are arguably 

the biggest potential beneficiaries of this reform. It is also worthy to note that BMW, a 

traditional fine-paying firm, has significantly improved its fuel economy in recent years, 

and its MY 2014 car and truck fleets both slightly exceed the standard. I consider BMW 

as a firm that has moved from the fine-paying group to the constrained group.  

iv. The fourth group are firms that have well surpassed the standard every year under the 

old regulation since 1978 while start violating the new standard for their light truck fleet 

as the fuel economy credit banking was expanded by the EISA along with the 2011 CAFE 

reform. More specifically, they exceed the standard for their cars while violate the 

standard for their trucks, and then transfer credits from car fleet to light truck fleet to 

comply with the truck standard without paying the fine. I refer to the last group as 

strategic firms.  

3.3.2   Model for Producer Behavior 

As discussed in Section 2.3, my analysis of firm’s response to the CAFE regulation focuses on 

medium-run vehicle design decisions and short-run vehicle pricing decisions (  ). Automobile 

producers are assumed to be oligopolistic in a differentiated products market and equilibrium is 
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defined as a set of prices and vehicle attributes such that each firms is maximizing profits given 

the actions of all others. Because fuel economy (  ), footprint (  ), and engine power (  ) 

incorporated into the vehicle are all related, this paper considers fuel economy as dependent 

on firms’ choice of footprint and power.  

Since the new CAFE standard is footprint-basing, the penalties that a fine-paying firm needs 

to pay for violating the standard, the compliance cost of CAFE that a constrained firm needs to 

cover, and the credit trading constraint that a strategic firm has to meet, are all related to 

vehicle footprint. Given that the footprint-based CAFE allows firms making larger vehicles to 

meet a lower fuel economy standard, a profit-maximizing automaker will reevaluate various 

trade-offs to determine whether modifying vehicle footprint is desirable. These trade-offs 

include the marginal reduction in the stringency of fuel economy regulation, the adverse effect 

on fuel efficiency, the impact on vehicle performance, the production cost of adjusting vehicle 

attributes (          ), and the resulting change in consumer demand and sales. Therefore, 

any design incentive to modify vehicle footprint or any other vehicle attribute will depend on 

the relationships amongst these factors. Introducing the footprint-based CAFE and the new 

credit-trading provisions to the firm’s profit function involves modeling the costs that are 

associated with compliance or a violation of the constraints. All firms’ profit maximization 

problems are subject to the technology trade-offs and production costs trade-offs discussed 

later.  

Unconstrained Firms 
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If a firm maximizes profit without regard to the CAFE regulation, it will already meet or 

exceed the standard. The optimization problem solved by an unconstrained firm   can then be 

written as a standard multiproduct profit maximizing problem: 

                                        
          

                               

    

                                      

Fine-Paying Firms 

    In the second case, firms consider it is more profitable to violate CAFE standard, and thus 

they will violate the standard and pay the legally required penalties. The profit maximization 

formulation for a typical fine-paying firm   takes the form of  

                           
          

                                       
    

                           

where     and     are, respectively, the penalties for violating the CAFE standard for passenger 

cars and light trucks: 
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Constrained Firms 
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In the third case, firms are just complying with the standard. The optimization problem solved 

by a typical constrained firm   is to maximize profit subject to meeting the CAFE standard for 

their fleet of cars,    , and their fleet of light trucks,    . Following the rearranged CAFE 

inequality in Equation (3.4), the constrained firm’s optimization problem can be written as: 

                                        
          

                               

    

                                                      

s.t.  

 
               

            

  
               

              

                                                  

  
               

            

  
               

              

                                                 

Strategic Firms 

    I assume that a strategic firm maximizes profit subject to the constraint on the tradable 

within-firm cross-fleet fuel credits, which can be derived using Equations (3.5) and (3.6). This 

constraint can be significantly simplified by some basic algebra and rewritten as the one in 

Equation (3.11a); the process of simplification is in Appendix C. The optimization problem to 

firms in this group can be written as the maximization: 

                  
          

                               

    

                                                

s.t. 
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where      and      are, respectively, lifetime vehicle miles traveled for passenger car and 

light truck fleets, as reported in Table 3.3.  

3.3.3   Technology Trade-offs  

    As discussed above, my analysis of firms’ response to the CAFE regulation focuses on short-

run vehicle pricing choice and medium-run vehicle design decisions, and define the medium-run 

as the period of time in which firms can adjust a vehicle’s footprint, power, and fuel economy 

after the early stage parameters of vehicle design have been determined. More specifically, this 

paper considers fuel economy as dependent on firms’ choice of footprint, power, and 

technology. Under the Cobb-Douglas assumptions, vehicle fuel economy is modeled as  

                                                                              

    The coefficients on footprint and power are estimated in Section 3.2.3, with the results 

reported in Column 1 of Table 3.4. The level of technology,     , is a calibrated scalar that 

summarizes all of the components that increase the vehicle’s fuel economy in a way that leaves 

unchanged footprint and engine power. For example, if the firm offers a vehicle with a six 

speed automatic transmission instead of a five speed automatic transmission,      would 

increase, and the vehicle’s fuel economy will also increase as a result. In particular, I use the 

actual footprint, power, and fuel economy each year from MY 2012 to 2014 for every vehicle 
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model, combined with the estimates in Column 1 of Table 3.4, to calibrate the level of 

technology of each vehicle model.      is normalized so that a 1% increase in      

corresponds to a 1% increase in fuel economy; thus, there is not a coefficient in front of      in 

the technological trade-offs equation (3.12a). 

3.3.4   Trade-offs between footprint, horsepower, and production costs 

    Equation (3.12b) describes the medium-run relationship between the marginal cost of 

production and the attributes of the vehicle. In Equation (3.12b), the marginal cost of producing 

a vehicle is assumed to be both independent of output level and log linear in a vector of vehicle 

attributes. Adding technology would also increase the marginal cost of producing the vehicle: 

                                                                          

In Equation (3.12b), it is assumed that any proportional increase in      has the same effect 

on marginal costs, as represented by   . Note that in this setting, fuel economy indirectly 

affects marginal costs: if a firm wants to improve fuel economy, it has to decrease footprint or 

power or increase     , which determine fuel economy and marginal costs, which in turn enter 

the calculation of CAFE penalty equation, CAFE constraint, and credit trading constraint, and 

finally firms’ profit function.  

The product development process for a vehicle model begins with asset of targets specifying 

vehicle design features, including target vehicle dimension, following by detailed design of all 

vehicle subsystems and ending with vehicle production (Sorenson, 2006; Weber, 2009). The 

choice of target dimensions at the beginning of this process impacts the resulting production 
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costs of each vehicle in the model line. Acquiring data on the production costs as function of 

vehicle footprint is difficult, but I can approximate an upper bound of the impact of increasing 

vehicle footprint on productions costs. Following Whitefoot and Skerlos (2012), I use an upper 

bound estimate of costs so that my results represent the lower bound of changes to vehicle size. 

As a conservative upper bound, I assume that increasing vehicle footprint will increase the 

incremental production costs linearly according to a 1-to-1 relationship, implying that a 1% 

change in vehicle footprint increases incremental production costs by 1%. I expect that many of 

the costs of vehicle components and manufacturing operations increase at a smaller rate with 

footprint—such as the material costs of body panels—or are completely independent of 

footprint—such as the costs associated with the seats. Therefore, I expect that this 1-to-1 

assumption represents a conservative estimate of the impact of vehicle footprint on production 

costs.  

As for the effect of modifying horsepower on production costs, I use the estimate found in 

Linn and Klier (2012). Using a proprietary data on engine production costs provided by CSM, 

Linn and Klier estimate the cost of increasing horsepower by 1% raises marginal costs by 0.2%.  

If the costs of increasing horsepower are larger than the assumed relationship, the incentive to 

increase vehicle size would be larger than the results.   

3.4   The Demand for New Vehicles 

    The utility of consumer   for product   depends on the characteristics of the product and the 

consumer. Specifically, consumer decides whether to purchase a new vehicle, if so, which 
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vehicle; and then consumer   derives utility from vehicle   according to the indirect utility 

function: 

                                                                                    

where    is the manufacturer’s suggested retail price (MSRP) of vehicle   of 2012 dollars;    and 

   are, respectively, the vehicle’s footprint and engine power;    is dollar per mile, equal to the 

price of gasoline divided by vehicle fuel economy (  );    represents the characteristics of the 

vehicle that are observed by consumers but not by econometricians;     is an error term that 

varies by consumer and vehicle; and  ,   ,   , and    are parameters to be estimated.  

    The price of gasoline is constant in the static framework, so dollars per mile is proportional to 

the expected fuel costs of the vehicle. Thus, the coefficients   and    represents the disutility 

of the reduction in income from purchasing the vehicle, including the up-front price of the 

vehicle and future fuel costs. The parameter    includes all unobserved characteristics of the 

vehicle. The error term     represents the consumer-specific shock to the consumer’s utility 

from purchasing the vehicle.  

     Intuitively, consumers first decide whether to purchase a new vehicle, and then select a class, 

and finally, a vehicle model. Because the outside good is defined as a used vehicle, the model 

does not include consumer dynamics; implicitly, consumers have already chosen to purchase a 

vehicle, and the model analyzes which vehicles they purchase. In the spirit of Klier and Linn 

(2012), I assume that consumer demand follows a nesting structure with the outside good 

defined as the purchase of a used vehicle. First I group new vehicles into eight exhaustive and 

mutually exclusive classes,           and denote the class of vehicles in group   as   . The 
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outside good,    , is assumed to be the only member in class 0,   . Under this nesting 

structure, the error term then includes a common shock for all vehicles within a class, and an 

idiosyncratic term, 

                                                                                  

where     is the shock for vehicles in class  ;   is the similarity coefficient, which represents the 

extent to which consumers receive similar shocks to individual vehicles within a class; and     is 

the an identically and independently distributed extreme value. The class shock for consumer   

is the same for all vehicles within nest  . 

    Following Berry (1994), the market share of each vehicle model   can be expressed as  

                                                                       

The left-hand side of Equation (3.14) is the difference between the log market share of vehicle 

model   and the log market share of the outside good 0; the denominator in the market shares 

includes total new and used vehicle purchases.  

    Since market shares are a function of observed variables, it is often useful to know the extent 

to which these shares change in response to a change in some observed factor. For example, in 

a household’s choice of make and model of vehicle to buy, a natural question is: to what extent 

will the probability of choosing a given vehicle increase if the vehicle’s fuel efficiency is 

improved? From competing manufacturers’ point of view, a related question is: to what extent 

will the market share of, say, a Toyota Camry decrease if the price of a Honda Accord decreases?  
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    To address these questions, derivatives of the market share with respect to vehicle attributes 

are calculated. For example, one can easily show that in the nested logit model, own and cross 

price derivatives can be written as: 

   

   
     

 

   
 

 

   
                     

                                                
   

   
  

     
 

   
                                               

                                                                                        

  

There are trade-offs with using the nested logit framework. On the one hand, equation (14) can 

be estimated by linear regression models, and the nesting structure partially relaxes the 

independence of the irrelevant alternative (IIA) assumption in the basic logit model. On the 

other hand, Equation (3.15) imposes restrictions on cross-attribute demand elasticities, and it 

does maintain the IIA assumption for models within a nest. Moreover, the nested logit 

framework has assumed that the coefficients in the utility function do not vary across 

consumers.  

3.5   Data and Estimation 

3.5.1   Data 

I use data on vehicle attributes obtained from www.thecarconnection.com. Vehicle attributes 

for which I have data including dimension specifications such as track width, wheelbase, curb 

weight, height, length, and width; engine features such as horsepower, displacement, torque, 

valves per cylinder, and cylinders alignment; powertrain architecture dummies for whether the 

http://www.thecarconnection.com/
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vehicle is hybrid, turbocharged, supercharged, or flexible-fuel; and drive type dummies for 

whether the vehicle has four- or all- wheel drive. The www.thecarconnection.com data is fairly 

complete for most vehicle models, and vehicle attributes data from automaker websites was 

used to fill in missing values. After completing recording these vehicle attribute information, I 

then calculated footprint for each vehicle model. The price variable is the manufacturer’s 

suggested retail price (MSRP) for the base model. This is clearly not ideal; a model may be 

offered in varying trim levels and one could prefer transaction prices, but these are not easy to 

find. All prices are in 2012 dollars.  

Aside from these vehicle attributes, I obtain additional data from a variety of sources. For 

accuracy, information on vehicle fuel economy, saying unadjusted EPA miles per gallon rating 

(MPG) were directly obtained from www.fueleconomy.gov, the official U.S. government source 

for fuel economy information. The sales variable corresponds to U.S. sales by name plate for 

each vehicle model. The sales data is purchased from the Automotive News Data Center. The 

data set includes this information on all models marketed in the US from 2012 to 2014. Since 

models both appear and exit over this period, this give us an unbalanced panel. Treating a 

model/year as an observation, the total sample size is 822. The vehicle data for both the 

demand and supply side are further divided into eight classes. I exclude electric vehicles, 

vehicles produced by makers that are not listed on the NHTSA Fuel Economy Report, and 

vehicle models before the 2012 or after the 2014 MY, and this decreases the total sample size 

to 737. Throughout I shall assume that two observations in adjacent years represent the same 

model if they have the same name. Because the cost of driving may matter to consumers (as 

opposed to just the MPG rating), I gathered data on the price of gasoline. One of vehicle 

http://www.thecarconnection.com/
http://www.fueleconomy.gov/
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attributes used in estimation is then dollar per mile ($PM), calculated as price per gallon divided 

by vehicle fuel economy. Also, the measure of market size (N) in this paper is the total number 

of new and used vehicle purchases.  

The multi-product pricing problem requires me to distinguish which firms produce which 

models. I assume that different branches of the same parent company comprise a single firm. 

For example, Lexus, Scion, and Toyota are all part of one firm, Toyota Motor. This follows 

Bresnahan (1981), Feenstra et al. (1995) and Berry et al. (1995). 

3.5.2   Demand Estimation 

3.5.2.1   Instrumental Variables Strategy for Estimating Demand Parameters 

    Because of the correlation between the observed attributes and   , estimating equation (3.14) 

by ordinary least squares would yield biased estimates of all coefficients. In related studies, 

researchers use functions of non-price attributes as instruments (Berry et al., 1995; Train and 

Winston, 2007). While this approach has been criticized due to two concerns: (1) in the 

medium-run, firms presumably choose these non-price attributes and prices simultaneously, 

and (2) decisions regarding unobserved attributes may depend on previously determined non-

price attributes, rendering them invalid as instruments.  

    To obtain valid instruments in this context requires a model of the determinants of product 

attributes. I use an estimation strategy that follows Whitefoot, Fowlie, and Skerlos (2011), in 

that it takes advantage of the access to the engineering design literature of automobile design. 

Availability of engineering design literature detailing the automotive development process 
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allows us to limit the choice of instruments to only those attributes determined from longer-run 

product-planning schedules than the endogenous variables, increasing the credibility of these 

instruments for medium-run analyses. Literature detailing the automotive design process 

allows me to address the first criticism of instrument choice. A remaining assumption in this 

approach is that these longer run attributes do not affect choices of unobserved attributes in 

the medium-run.  

And then I can address the endogeneity problem using well developed two-stage least 

squares. My instrumental variable (IV) strategy is that I instrument for a vehicle price, footprint, 

power, dollars per mile, and within-class-market share in Equation (3.14). The instruments are 

selected from attributes that can be considered fixed in the medium run: the moments of 

vehicle dimensions of same-manufacturer vehicles and different-manufacturer vehicles, 

powertrain architecture (e.g., hybrid, turbocharged, FFV, CVT, and diesel), and drive type (e.g., 

all-wheel drive or four-wheel drive).  

3.5.2.2   Demand Estimation Results 

The dependent variable is the difference between the log market share of the vehicle model 

and the log market share of the outside good, and the independent variables are the price of 

the vehicle, footprint, engine power, dollars per mile, the within-class market share, and a set 

of firm-year interactions.  

Table 3.5 reports the results of estimating Equation (3.14). Column 1 reports the OLS 

estimates of consumer demand parameters for comparison with the IV estimates. The 

coefficient on vehicle price is small in magnitude and only marginally significant. The 0.057  
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Table 3.14   Demand Parameters 

 Dependent Variable: Difference in Log Shares 

 (1) (2) (3) 

Vehicle Price -0.002* 
(0.001) 

-0.078*** 
(0.023) 

-0.023*** 
(0.005) 

Footprint 0.057*** 
(0.011) 

-0.044 
(0.038) 

0.054*** 
(0.020) 

Dollars-per-Mile -10.203*** 
(2.107) 

-25.838** 
(7.412) 

-27.596*** 
(6.202) 

Engine Power -0.002*** 
(0.001) 

0.030*** 
(0.010) 

0.012*** 
(0.004) 

Log Within-Class Share 0.709*** 
(0.029) 

0.546*** 
(0.085) 

0.486** 
(0.128) 

   0.789 0.315 0.568 
Number of 
observations 

737 737 737 

Estimated model OLS IV, BLP Instruments IV, LR Design Instruments 

a. The dependent variable is the log sales of the vehicle model. The independent variables are the 
price of the vehicle, in ten thousands of dollars; footprint, in square feet; dollar-per-mile; power, in 
horsepower; the log of the within-class share of sales; and a full set of company-year interactions. 

b. Column 1 is estimated by ordinary least squares, and columns 2 and 3 are estimated by instrumental 
variables. Column 2 instruments for vehicle price using the sum of characteristics of vehicle models 
in the same class produced by other firms and the sum of characteristics of other models produced 
by the firm. Column 3 uses long-run attributes as instruments for the independent variables, the 
corresponding First-stage estimates are reported in Appendix B, Table B. 

c. The table reports coefficient estimates with standard errors in parentheses. All regressions include 
firm-year interactions.  

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 
           * Significant at the 10 percent level. 

 

coefficient on footprint is positive and statistically significant, showing that consumer utility 

increases with vehicle footprint. The coefficient on dollars per mile is negative and statistically 

significant, while the magnitude is relatively small when compared with findings from other 

studies (Klier and Linn, 2012). The coefficient on engine power is statistically significant but has 

a negative sign, which is inconsistent with theory. The price coefficient is probably biased 

toward zero because the price is expected to be positively correlated with unobserved 
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characteristics, but the direction of the bias for the observed characteristics is ambiguous, as 

they may be positively or negatively correlated with unobserved characteristics. 

    Column 2 of Table 3.5 reports a specification that follows the previous literature (e.g., Berry 

et al., 1995) and uses non-price vehicle characteristics as instruments for vehicle price—in 

particular, the sum of the characteristics of other vehicles in the same class and the sum of 

characteristics of other vehicles sold by the same firm. Both the coefficient on the vehicle’s 

price and the coefficient on the dollars per mile are larger in magnitude than the OLS estimates. 

The coefficient on footprint is not significant and the sign is not consistent with theory. The 

coefficient on engine power has the expected sign and is statistically significant. 

    Column 3 reports the specification using the long-run design instruments; all estimates have 

the expected sign and are statistically significant at 1% level. The estimated coefficient on 

vehicle price, -0.023, is smaller than the BLP specification while larger than the OLS 

specification. The coefficient on footprint is positive, as expected, and is significant at 1% level. 

The point estimate on dollars per mile is quite similar to the estimate in column 2, and is 

statistically significant. The coefficient on dollars per mile is much larger than in column 2, 

which implies that consumers value an increase in fuel economy very much. 

3.5.3   Supply Estimation 

Producer Costs 

     Estimation of cost parameters determining producer response to CAFE regulation represents 

the final step in using the pair of models for policy analysis. In order to recover the cost 
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parameters, I make use of the firm’s multiple first-order conditions drawn from the medium-

run model of behavior. Much of the supply estimation follows earlier work in this literature, 

with two differences. As in Klier and Linn (2012) I directly estimate the Lagrange multipliers on 

the CAFE constraint, rather than using dealership markups. This is possible because of the 

additional first-order conditions for vehicle attributes other than price in the medium-run 

model. Second, I provide empirical estimates of shadow prices on the within-firm cross-fleet 

CAFE credit trading provision for firms that choose to transfer fuel credit from passenger car 

fleet to light truck fleet. 

In this section, I only present the sets of first-order conditions for constrained and strategic 

firms since I am interested in estimating the marginal compliance costs for meeting CAFE and 

the shadow prices of transferred credits for these two groups, respectively. The first-order 

conditions for unconstrained and fine-paying firms’ maximization problems are derived and 

reported in Appendix D.  

Constrained Firm 

By solving Equation (3.10) in Section 3.2, the first order conditions of the associated Lagrange 

function for constrained firms can be written as  

 
   
   

           
 

   
 

 

  
     

 

   
 

 

  
  

    

      

  
   
   

 
   
   

   

   
            

 

   
 

 

  
     

 

   
 

 

  
  

    

        
 
 
  

   
 

     

        
 
 
  

   
 

     

   



 

101 
 

  
   
   

 
   
   

   

   
             

 

   
 

 

  
     

 

   
 

 

  
  

    

       
 
 
   
   

 
 
 
  

   
 

     

       
 
 
   
   

 
 
 
  

   
 

     

                            

where    abd    are the scalar Lagrange multipliers associated with the passenger car and light 

duty truck CAFE constraints, respectively. Notice that, at the optimum,    (and similarly   ) 

takes the same value across all models produced by a given firm at each MY. Lagrange 

multipliers on the CAFE constraint,    and   , and marginal costs,    , and can now be directly 

estimated from the data and estimated demand parameters as reported in Column 3 of Table 

3.5. 

Estimated  ’s are presented in Table 3.6. Before discussing estimates in details, I provide 

general interpretation of these parameters. Unlike the old CAFE standards, there is no 

requirement for a manufacturer or the industry as a whole to meet any particular overall actual 

miles per gallon target in this footprint-based CAFE, since that will depend on the mix of sizes of 

vehicles manufactured and ultimately purchased by consumers. Therefore, it is not possible to 

calculate the marginal cost of tightening the CAFE standard by one mile per gallon as previous 

regulation cost estimation literature do. In other words, these Lagrange Multipliers that are 

calculated under the footprint- based reform cannot be compared to other estimates in the 

literature, saying the costs with regard to the unreformed CAFE standard. Specifically, results 

reported in Table 3.6 are the estimation of Lagrange Multipliers on CAFE constraints described 

in Equation 3.4 (i.e.,      
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Estimation results in Table 3.6 suggest that the adverse impacts of the CAFE standard for cars 

and light trucks on firm profits are largely different across firms. For example, the shadow cost 

for light trucks is larger than passenger cars for Chrysler and BMW in most cases, but the 

shadow cost for light truck is lower than for passenger cars for Ford and GM in general. In 

addition, the shadow costs for both fleets, cars and light trucks, for GM are smaller than other 

manufacturers, which is consistent with GM’s recent improvement in fuel economy for their 

vehicles as shown in the NHTSA’S Summary of Fuel Economy Performance.  

And, surprisingly, the estimated Lagrange Multiplier on Ford 2012 Passenger Car is negative. 

This is probably because Ford exceeded the standard by a wide margin and was unconstrained 

by the new footprint-based regulation in 2012 for its passenger car fleet, which is confirmed by 

NHTSA’S Summary of Fuel Economy Performance. This negative sign of Lagrange Multiplier 

estimate, however, is similar to Jacobsen’s finding when he estimates the shadow costs for 

constrained firms at the manufacturer and fleet level when not including make-fleet fixed 

effects (Jacobsen 2013a). 

 

Table 3.15   Supply Estimation of Lagrange Multipliers on CAFE Constraints 

 2012 2013 2014 

 Cars Light Trucks Cars Light Trucks Cars Light Trucks 

BMW 3051.62 
(5183.28) 

734.6151 
(5539.71) 

1093.38 
(2993.10) 

1761.047 
(195.28) 

1910.058 
(4628.329) 

3264.563 
(4711.14) 

Chrysler 593.3199 
(198.83) 

1056.703 
(970.33) 

779.57 
(2625.15) 

1183.921 
(1206.47) 

839.8218 
(2373.388) 

1226.492 
(2311.99) 

Ford -43.61576 
(1431.57) 

1851.145 
(3285.56) 

4479.72 
(3297.72) 

1043.793 
(4375.03) 

2778.059 
(3134.51) 

1226.624 
(1140.08) 

GM 166.98 
(1068.01) 

306.8849 
(1286.64) 

758.845 
(823.73) 

237.0428 
(1713.933) 

800.8183 
(1258.87) 

504.8427 
(1582.13) 

Note: Standard errors are in parentheses 
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Strategic Firm 

By solving Equation (3.11) in Section 3.2, the first order conditions of the associated Lagrange 

function for strategic firms can be written as 

 
   
   

        
    

   
     

    
 

   
   

 
 

   
 

 

  
 

     

  
   
   

 
 

   
 

 

  
 

     

    

   

  
   
   

 
   
   

   

   
         

    

   
     

    
  

   
   

 
   
   

   

   
  

 

   
 

 

  
 

     

   
   
   

 
   
   

   

   
  

 

   
 

 

  
 

     

      
    

   
 

   
     

    
    

 
 
  

   
        

 
 
  

   
       

  
   
   

 
   
   

   

   
         

    

   
     

    
  

   
   

 
   
   

   

   
  

 

   
 

 

  
 

     

   
   
   

 
   
   

   

   
  

 

   
 

 

  
 

     

      
    

   
 

   
     

    
   

 
 
   

   
 

 
 
  

   
       

 
 
   

   
 

 
 
  

   
                                            

where   is the scalar Lagrange multiplier on the within-firm cross-fleet credit transfer constraint; 

   and    are the dummy variables indicating the which fleet, passenger cars or light trucks,  
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Table 3.16   Supply Estimation of Lagrange Multipliers on Credit Trading Constraint 

 2012 2013 2014 

Hyundai 1099.79 
(2276.41) 

460.56 
(749.20) 

2328.56 
(2316.83) 

Kia 2514.19 
(2538.94) 

2981.38 
(2797.32) 

1419.76 
(2918.94) 

Mazda 1674.47 
(1518.04) 

1466.16 
(1674.70) 

502.54 
(2599.10) 

Nissan 816.95 
(2019.64) 

621.51 
(2085.73) 

1311.75 
(2386.57) 

Toyota 1568.10 
(2120.87) 

1618.16 
(1922.33) 

1243.16 
(1803.91) 

Note: Standard errors are in parentheses 

vehicle   is, respectively. Notice that, at the optimum,  , takes the same value across all models 

produced by a given firm. 

    Table 3.7 summarizes the evolution of the Lagrange multipliers on the transferred fuel credits 

during the sample period. The estimates for   generally vary significantly among manufacturers 

and across years. However, these costs are relatively stable for Toyota, which is consistent with 

the fact that Toyota regular violates CAFE for its truck fleet for three consecutive years.  

3.6   Policy Simulations and Welfare Implications 

    This section uses the model and parameter estimates from Sections 3.3 to 3.5 to compare the 

reformed footprint-based CAFE with the old flat fuel economy regulation. To measure the 

welfare and distributional impacts of the 2011 CAFE reform, vehicles are represented as all 

vehicle models produced and sold in US based on 2014 MY data, totaling 256 vehicles. The 

counterfactual policy schedule I consider in this paper is similar to the unreformed flat CAFE 

standard: cars and light trucks are separated into two fleets that must individually meet a 

particular flat fuel economy standard for the industry as a whole. Since Congress passed the 
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EISA in 2007 to set a goal for the national fuel economy standard of 35 mpg by MY 2020, 

instead of using the relatively low fuel economy standard values that were set before the CAFE 

reform, I find flat standard that generates exactly the same average fuel economy performance 

in each fleet as the real-world 2014 MY footprint-based standard does, and call this simulated 

policy “unreformed” flat standard. In performing the simulation, I assume that all firms except 

the strategic group do not change categories as a result of the CAFE reform, which I believe is a 

reasonable assumption since the simulated policy is very similar to the real old CAFE standard. 

The strategic firm is modeled as an unconstrained firm under the simulated “unreformed” flat 

standard, which is consistent with the firm’s historical behavior under the old CAFE standard.  

The first two columns of Table 3.8 display the overall welfare effects of the CAFE reform, 

which are decomposed into effects on consumer and producer. The compensating variation of 

CAFE reform is $16.25 billion, which represents a significant benefit to consumers. In order to 

test the relative impact of vehicle attribute changes and price changes on consumer surplus, I 

assign the prices from the simulated “unreformed” flat standard to the footprint-based 

equilibrium. This indicates that 72% of consumer surplus improvement derive from changes to 

vehicle attributes and 28% derive from price changes. Intuitively, much of the welfare benefit 

comes from the increase in vehicle footprint and the shift in composition of the vehicle fleet 

toward large vehicles, with which households have a strong preference.   

This point also appears clearly in the distribution of incidence among producers. At the 

manufacturer level, Asian firms tending to have smaller vehicles than their competitors are the 

biggest victims, while firms that were historically constrained by the flat CAFE standard (mostly 

domestic automakers) are the only beneficiaries. Specifically, the CAFE reform significantly 
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reduces the profits of historically unconstrained firms by 41%, and these profit impacts are 

similar between currently unconstrained firms (-35%) and strategic firms (-45%). The 

constrained firms is the only group that benefit from the reform, their profit slightly increase by 

9%. Fine-paying firms lose some profits, yet the value is relatively small (-8%). This distributional 

impact is consistent with the design purpose of the footprint-based CAFE to tilt the burden in 

favor of producers who have advantage in large vehicles.  

To illustrate, Table 3.9 shows the effects on fuel economy by group of producers. The overall 

fuel economy performance are controlled to be the same under two policies, however, 

producers’ choices on fuel economy are heterogeneous. More specifically, the constrained 

firms largely decrease average fuel economy in response to the reform. The “historically” 

unconstrained firms (e.g., unconstrained and strategic firms), however, actually increase fuel 

economy in most cases. This reaction is of interest as it points to the effect of the footprint-

based CAFE to equalize compliance costs and underscores the need to consider heterogeneity 

among firms in policy decisions. Since the constrained firms no longer need to sell a more fuel 
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  Table 3.17   Welfare and Distributional Impact of the CAFE Reform 

  Compensating 
Variation 
(Billion $) 

Total Profits 
(Billion $) 

Constrained 
Firms’ Profits 

(Billion $) 

Paying Firms’ 
Profits (Billion 

$) 

Strategic 
Firms’ Profits 

(Billion $) 

Unconstraine
d Firms’ 
Profits 

(Billion $) 

Footprint 
(square feet) 

Footprint-based  
 

91.16 43.79 7.11 24.42 15.84 48.31 
“Unreformed” Flat 

 
116.97 40.18 7.75 44.59 24.46 48.06 

Changes due to Reform 16.25 -25.81 3.61 -0.64 -20.17 -8.62 +0.25 

    Note: The table reports the compensating variation under the CAFE reform and the effects on total profits; profits of fine-paying firms; 
profits of constrained firms; profits of historically unconstrained firms that continue meeting the standard; profits of historically unconstrained 
firms that start to violate the standard since 2011 MY yet do not pay the fine due to the credit trading provisions; and footprint (square feet). 
The first two rows report the real-world summary statistics and the simulation results, respectively. The changes due to reform are calculated 
by taking the difference between first row (reformed footprint-based standard) and second row (“unreformed” flat standard) statistics. 

 

 

 

 
   Table 3.18   Change in Fuel Economy (mpg) under the CAFE Reform by Producer 

 Constrained Firms Fine-Paying Firms Strategic Firms Unconstrained Firms 

 Cars -0.661 -0.168 0.143 0.003 
 Light Trucks -0.540 0.009 0.164 -0.096 
 Overall -0.590 -0.060 0.223 -0.092 

Note: This table reports the change in sales-weighted fuel economy under the CAFE reform by four groups of producers. The sales-weighted 
average fuel economy in each fleet, cars and light trucks, are controlled to be the same. The changes due to reform are calculated by taking the 
difference between the reformed footprint-based and the “unreformed” flat standard statistics.  
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    Table 3.19   Changes in Composition of the Vehicle Fleet and in Class-Specific Footprint 

 Footprint-based “Unreformed” Flat Changes due to Reform 
Class Share Footprint (square feet) Share Footprint (square feet) Share Footprint (square feet) 

Car 0.4702 45.7409 0.4621 45.3129 0.0080 0.4280 
Two Seater 0.0056 40.7345 0.0058 40.3873 -0.0002 0.3471 
Compact Car 0.1684 43.7355 0.1726 43.7938 -0.0042 -0.0583 
Midsize Car 0.2357 46.9395 0.2267 46.4902 0.0090 0.4493 
Large Car 0.0604 47.6226 0.0571 46.0152 0.0034 1.6074 
       
Light Truck 0.5298 51.5472 0.5379 52.7387 -0.0080 -1.1915 
Small SUV 0.2570 46.4021 0.2782 47.5846 -0.0212 -1.1825 
Large SUV 0.0788 53.8494 0.0786 52.9161 0.0002 0.9333 
Minivan  0.0508 56.7468 0.0484 54.8597 0.0025 1.8871 
Pick Up 0.1432 56.7143 0.1327 55.2935 0.0105 1.4208 

    Note: The table reports market share and sales-weighted footprint across vehicle classes in car and light truck fleets under the real-world 
footprint-based standard and the simulated “unreformed” flat standard. The aggregation up to fleet level statistics are reported in italics. The 
changes due to reform are calculated by taking difference between first two columns (reformed footprint-based standard) and second two 
columns (“unreformed” flat standard) statistics.
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efficient – smaller or less powerful – mix of vehicles under the new standard, they retain 

consumers in the large, high-horsepower vehicle market. In addition, at the aggregate level, I 

find that the regulation’s footprint-basing design creates a moderate incentive for firms to 

increase vehicle size (+0.25 square feet), slightly diminishing the policy’s goal of reduced fuel 

consumption. 

Table 3.10 summarizes the changes in the composition of the vehicle fleet and in class-

specific footprint under the CAFE reform in detail. Holding fuel economy performance constant 

for each fleet, I find that the CAFE reform results in a small switch away from light trucks and 

into cars (0.80%), and a shift to larger vehicles within each fleet. Two effects operate in the 

same direction: substitution away from light trucks makes the fleet more homogenous (White, 

2004), and an upsizing within a fleet decreases risk (Jacobsen, 2013b).  

However, this aggregation up to class level statistics present a caveat that is important here: 

if the changes in vehicle attributes, such as footprint, under the fuel economy policy reform is 

not homogenous across vehicle classes, more finely detailed compositional changes are 

concealed by two seemingly “similar” class compositions. Thus, I also compute the sales-

weighted footprint for car and light truck fleets, and for all vehicle classes within each fleet. At 

fleet level, vehicle footprint increases for passenger cars (+0.43 square feet) while decreases for 

light trucks (-1.19 square feet). This convergence in vehicle footprint between vehicle fleets, 

translating to a lower fleet diversity, has a positive effect on safety. However, the footprint 

change is heterogeneous across classes within car and truck categories, partially offsetting the 

positive safety effect discussed above. In particular, relative to the “unreformed” CAFE, the 

current footprint-based standards, induces automobile manufacturers to make the largest 
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trucks even larger. If the correlation between vehicle weight and footprint is high within vehicle 

class, this potential increases in the incompatibility will have an adverse effect on safety in 

poorly matched accidents (Anderson and Auffhammer, 2011). Considering that poorly matched 

accidents make up a very small proportion of vehicle crashes, the CAFE reform is expected to 

have a positive effect on safety in general.  

3.7   Conclusion  

    The paper explores the economic implications of the 2011 US CAFE reform allowing 

heterogeneous firm response. To accurately measure how producers and consumers interact 

under the reformed footprint-based regulation, I build a detailed model of the US vehicle 

market. Using the data on vehicles produced from 2012 to 2014, I estimate consumer 

preference parameters, marginal costs of production, and the compliance cost of the new CAFE 

standard and the shadow price on the within-firm cross-fleet fuel credit trading provision. 

These results are then be used to measure the overall welfare effects, the distribution of costs 

among groups, and the safety outcomes. 

    I find that heterogeneity among firms causes the profit impacts of the CAFE reform fall 

almost exclusively on historically unconstrained firms. This is consistent with the design 

purpose of the footprint-based policy to tilt the burden in favor of producers who have 

advantage in large vehicles. In addition, this study also demonstrates that a distortionary 

incentive for automakers to manipulate vehicle footprint in response to the CAFE’s footprint-

basing schedule clearly exists, though the extent is rather limited. The safety analyses consider 

how the fuel economy reform changes the composition of the vehicle fleet and firms’ choice on 
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footprint across vehicle classes, and conclude that a general decrease in vehicle diversity 

resulting from the footprint-basing design brings a positive effect on improving road safety. 

     A number of important limitations in the study and points for future research remain. First, 

the U.S. Congress just recently amended the CAFE standard, which generates little data for 

analysis. Also, producers’ compliance behavior to the new standard or their choice on whether 

to make use of the CAFE credit trading provision is not mature. Second, the aggregation up to 

name plate level information on vehicle attributes in my data set presents a caveat that is 

important here.  Automakers generally offer different trim level options to give customers 

much flexibility, resulting in diversity in vehicle attributes. A disaggregation of vehicle name 

plate could identify more accurate demand and supply estimates if data is available. The third is 

that the incremental cost of adjusting vehicle attributes is not directly estimated; instead, I use 

the values borrowed from the literature. It is possible that the plausible values of cost 

parameters are largely different from these estimates. Acquiring data on the production costs 

or simulating multiple combinations of values for these parameters could be a solution. Last is 

that I do not permit firms to carry credit forward and backward. Therefore, the results of this 

paper should be interpreted as upper bounds on the producer surplus losses from the 

regulation. My findings here provide a starting point for research on the footprint-based CAFE 

and present a base of empirical conclusions about firm incentives in response to the reform.
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Appendix 3.A    Summary of Fuel Economy Performance  
Table 3.A    Summary of Fuel Economy Performance 

  2012 2013 2014 

Manufacturer Fleet STD CAFE STD CAFE STD CAFE 

Honda DP 33.3 38.2 33.9 39.1 33.8 39.2 
 IP 33.6 36.5 36.0 41.8 34.2 42.0 
 LT 26.4 27.8 27.5 28.5 27.5 29.6 

Subaru IP 33.8 35.5 34.7 36.0 35.5 37.0 
 LT 28.4 30.5 29.2 33.3 29.8 34.5 

VW DP 32.1 33.7 32.8 35.0 33.6 37.7 
 IP 33.7 33.0 34.4 34.0 34.9 34.1 
 LT 26.8 26.9 27.4 28.3 27.9 28.6 

Mitsubishi IP 33.6 34.1 35.0 35.2 36.3 39.8 
 LT 28.6 31.5 29.5 33.2 30.1 34.4 

Jaguar Land Rover  IP 30.2 23.7 30.9 26.2 32.3 27.0 
 LT 27.1 20.2 27.9 21.5 27.1 24.8 

Lotus IP 34.3 27.0 35.1 27.0 36.0 26.7 
Suzuki DP 34.9 33.6 35.9 33.6   

 IP 27.0 24.6 29.4 26.7   
Aston Martin IP 32.3 19.2 34.0 20.1   

Daimler IP 32.3 29.3 33.3 30.3 33.7 31.4 
 LT 26.0 23.9 26.7 24.4 27.3 24.5 

Volvo IP 32.3 29.7 33.1 30.1 33.6 30.5 
 LT 27.0 25.5 27.6 25.1 28.2 26.1 

BMW IP 32.6 32.4 33.2 33.1 33.6 35.0 
 LT 26.1 25.0 27.0 25.8 27.7 28.7 

Fiat Chrysler DP 32.3 32.1 32.3 32.1 32.9 31.1 
 IP 31.8 19.1 31.8 19.1 33.8 28.0 
 LT 25.8 24.5 25.8 24.5 26.5 26.0 

Ford DP 33.2 35.7 32.4 36.4 34.0 36.6 
 IP 31.7 31.3 32.3 31.4 34.8 30.9 
 LT 24.2 24.3 24.7 25.0 25.2 24.8 

GM DP 32.3 32.8 33.0 33.6 33.9 34.4 
 IP   36.5 41.1 37.1 40.9 
 LT 23.8 23.7 24.3 23.8 24.4 25.1 

Hyundai IP 32.6 38.7 34.0 39.8 34.4 37.3 
 LT 28.7 29.0 28.7 28.5 28.7 27.5 

Kia IP 33.1 36.2 33.3 38.0 34.4 32.1 
 LT 26.0 28.0 28.4 27.8 27.8 26.9 

Toyota DP 32.8 36.9 33.9 36.4 34.4 39.1 
 IP 33.9 46.0 34.1 44.4 34.9 42.9 
 LT 25.7 25.5 26.5 26.0 26.7 25.8 

Mazda IP 33.9 37.9 34.8 39.4 34.5 42.3 
 LT 27.2 27.8 28.1 30.4 31.4 28.8 

Nissan DP 32.9 35.2 33.5 41.4 34.7 41.9 
 IP 34.1 35.2 34.1 34.4 34.2 33.1 
 LT 26.1 24.4 27.0 27.1 27.3 27.7 
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Appendix 3.B    First-Stage Estimates  
 

Table 3.B     Long-run Design IV, First-Stage Estimates 

  Dependent Variable:  

 Price 
(Thousand $) 

Footprint 
(foot-squared) 

Dollars-
per-Mile 

Power 
(Horsepower) 

Log Within-
Class Share 

Din -198.111 
(690.637) 

133.320*** 
(37.646) 

0.004 
(0.275) 

378.992 
(1287.301) 

-25.846 
(20.508) 

Dout -276.473 
(677.203) 

96.361*** 
(36.914) 

-0.064 
(0.270) 

-118.339 
(1262.262) 

-21.303 
(20.109) 

Dsqin 17.332 
(165.658) 

-31.898*** 
(9.030) 

-0.014 
(0.066) 

-117.308 
(308.776) 

6.890 
(4.919) 

Dsqout -51.962 
(164.976) 

25.568*** 
(8.488) 

0.020 
(0.062) 

-55.504 
(290.251) 

-4.480 
(4.424) 

Turbo -19.906*** 
(6.635) 

0.152 
(0.362) 

-0.013*** 
(0.003) 

-21.481* 
(12.367) 

-0.393** 
(0.197) 

Super 
 

-23.355 
(16.251) 

2.115** 
(0.886) 

-0.011* 
(0.006) 

-4.131 
(30.292) 

0.165 
(0.483) 

Hybrid 53.582*** 
(10.943) 

1.603*** 
(0.597) 

-0.012*** 
(0.004) 

39.693* 
(20.397) 

-1.335*** 
(0.325) 

Diesel -22.157 
(24.748) 

-1.884 
(1.349) 

-0.039*** 
(0.010) 

-150.873*** 
(46.129) 

0.445 
(0.735) 

FFV 8.506 
(8.428) 

-0.488 
(0.459) 

0.003 
(0.003) 

36.371** 
(15.710) 

-0.142 
(0.250) 

Four 15.662** 
(5.972) 

-0.978*** 
(0.325) 

0.018*** 
(0.002) 

37.604*** 
(11.130) 

-0.989*** 
(0.177) 

CVT 
 

-26.591*** 
(-26.592) 

-1.579*** 
(0.427) 

-0.026*** 
(0.003) 

-92.314*** 
(14.616) 

0.786*** 
(0.233) 

F test of excluded IV 4.37 271.28 108.16 19.36 6.37 

   0.242 0.840 0.712 0.322 0.277 
Number of 
Observations 

737 737 737 737 737 

a. Din and Dout are the distances of vehicle dimensions (length width height) to the average 
dimensions of same and different manufactures, respectively; Dsqin and Dsqout are these values 
squared. The remaining variables represent powertrain architectures—turbo (turbocharged), hybrid, 
diesel, FFV—and the type of drive—all wheel or four wheel drive, Four. 

b. The table reports coefficient estimates with standard errors in parentheses. All regressions include 
firm-year interactions.  

       *** Significant at the 1 percent level. 
         ** Significant at the 5 percent level. 
           * Significant at the 10 percent level. 
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Appendix 3.C    CAFE Credit Trading Constraint 
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Appendix 3.D    First-Order Conditions for Unconstrained and Fine-Paying Firms 

Unconstrained Firm  

The first order conditions for unconstrained firms are 

 
   
   

        
    

      

Fine Paying Firm 

    In the first case, which describes firms observed to violating the standard and paying the fine, 

the first order conditions with respect to price can be written as  
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Chapter 4  

SUMMARY 

4.1 Summary 

This dissertation first explores the different effects of vehicle size and weight on fuel 

efficiency and on single-vehicle fatality risks, and then examines the possibility of increasing 

both fuel economy and automobile safety with the help of technological advancements in the 

automobile industry.  

Empirical results suggest that one should not confuse vehicle downsizing with downweighting. 

For passenger cars, an increase in wheelbase, a measure of vehicle size, does not adversely 

affect fuel economy but decreases the likelihood of occupant fatalities in single-vehicle crashes; 

meanwhile, the weight variable has a negative impact on fuel economy but no significant effect 

in single-vehicle crashes. For light trucks, there is no empirical evidence showing that occupants 

in larger light trucks are better protected; instead, vehicle weight is the key variable that links 

fuel economy and safety.  

Another message that emerges from this study is that there may have been an association 

between fleet fuel efficiency improvements and traffic fatalities in vehicles of early model years, 

this historical correlation is not inherent, and has largely declined over time with the help of 

active and passive technologies developed in recent years. This is consistent with findings from 
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the U.S. and international studies (Ahmad and Greene, 2005; Noland, 2004, 2005; Zachariadis, 

2008).  

In addition, this dissertation studies the economic implications of the 2011 U.S. CAFE reform 

allowing heterogeneous firm response. I find that the heterogeneity among firms causes the 

profit impacts of the CAFE reform fall almost exclusively on Asian firms that are historically 

unconstrained by the old flat CAFE standards. This finding is consistent with the design purpose 

of the footprint-based policy to tilt the burden in favor of producers who have advantage in 

large vehicles. This study also demonstrates that a distortionary incentive for automakers to 

manipulate vehicle footprint in response to the CAFE’s footprint-basing schedule clearly exists, 

though the extent is rather limited. The safety analyses consider how the CAFE reform changes 

the composition of the vehicle fleet and firms’ choice on footprint across vehicle classes, and 

conclude that a general decrease in vehicle diversity resulting from this footprint-basing design 

brings a positive effect on improving road safety. 

4.2 Opportunities for Future Research 

Although many interesting conclusions have been drawn from the work presented in this 

dissertation, the work I have done on vehicle fuel efficiency and safety has establishes the 

framework for a rich and productive future research program. This closing section describes 

some of these opportunities for future research in fuel economy policy and vehicle crash safety. 

To further explore welfare implications of the footprint-based CAFE standards, one can 

simulate a fully efficient policy: a single unified standard with feebates. Specifically, the least 

efficient vehicles receive the highest shadow tax and the most efficient ones receive the highest 
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shadow subsidy. A similar standard was introduced in California as part of Assembly Bill 1493. 

The policy is expected to have the benefit of completely harmonizing marginal cost and of not 

distorting firms’ choice on vehicle footprint, and therefore to minimize the total welfare loss.  

Another avenue of research is to combine the results of the second two chapters of my 

dissertation, by estimating the change in traffic fatalities resulted from the changes in vehicle 

attributes under the two simulated counterfactual polices as discussed above (e.g., a footprint-

based fuel economy standard and a single unified standard with feebates). Understanding 

these changes is of great importance to policy makers seeking to improve vehicle efficiency and 

road safety. Previous evidence indicates that to accomplish a same fuel economy target, the 

fleet composition shift resulted from the footprint-based standard only leads to a very small 

deterioration in safety when compared with the old CAFE. However, the aggregation up to class 

level statistics present a caveat that is important here. That is, if changes in vehicle attributes 

(e.g., footprint) in response to the fuel economy regulation reform are heterogeneous across 

vehicle classes, more finely detailed compositional heterogeneity could be concealed by two 

seemly “similar” compositions of vehicle classes. Thus, a disaggregation of vehicle classes, for 

example, by fuel economy, horsepower, or footprint, could identify more finely grained 

changes within the current class definitions, and better predict each policy’s impact on road 

safety.  
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