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ABSTRACT 
 

In an effort to keep America’s addiction to oil under control, federal and state 

governments have implemented a variety of policy measures including those that determine 

the composition of motor gasoline sold at the pump. Biofuel blending mandates known as 

Renewable Fuel Standards (RFS) are designed to reduce the amount of foreign crude oil 

needed to be imported as well as to boost the local ethanol and corn industry. Yet beyond 

looking at changes in gasoline prices associated with increased ethanol production, there have 

been no empirical studies that examine effects of state-level RFS implementation on gasoline 

consumption. I estimate a Generalized Least Squares model for the gasoline demand for the 

1993 to 2010 period with state and time fixed effects controlling for RFS. States with active 

RFS are Minnesota, Hawaii, Missouri, Florida, Washington, and Oregon. I find that, despite 

the onset of federal biofuel mandates across states in 2007 and the lower energy content of 

blended gasoline, being in a state that has implemented RFS is associated with 1.5% decrease 

in gasoline consumption (including blended gasoline). This is encouraging evidence for 

efforts to lessen dependence on gasoline and has positive implications for energy security.  
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1. Introduction 

In 2011, the U.S. consumed petroleum at an average rate of 18.8 million barrels per day, 

45% of which was imported (EIA, 2012b). Fossil fuels constituted almost 80% of total 

energy consumption (EIA, 2012c).The policy focus on energy security stems from this 

dependence on fossil fuels. In his 2006 State of the Union address, President George W. Bush 

declared that America had a serious problem of addiction to oil, especially foreign oil 

(Bumiller & Nagourney, 2006). More recently, President Barack Obama touted an Energy 

Security Trust Fund of USD $2 billion dedicated to research and technology development in 

clean energy efforts, including improved automobile efficiency and expanded use of 

American-made energy (Rucker, 2013). This reflects the high priority the U.S. government 

places on energy security and the Obama Administration’s commitment to weaning the 

nation off fossil fuels. 

Biofuel blending mandates called Renewable Fuel Standards (RFS), along with tax 

credits for ethanol blenders and ethanol import tariffs were introduced nation-wide following 

the 2005 Energy Policy Act and revised with the subsequent Energy Independence and 

Security Act of 2007. Accordingly, U.S. fuel ethanol production has increased from 1.63 

billion gallons in 2000 to 13.9 billion gallons in 2011 (EIA, 2012f). Apart from a national 

mandate, a number of states in the U.S. have implemented their own RFS, requiring 

minimum percentages of ethanol to be blended with gasoline sold within the state. Despite a 

general upward trend since the 1970s, over the past five years total gasoline consumption in 

the U.S. (including gasoline blended with ethanol) has declined. Net imports of crude oil and 

finished gasoline are also on the decline, along with refiner motor gasoline sales to end users, 

while the price of gasoline has increased (Figures 1 and 2). In terms of energy security, these 

trends are promising, as they suggest not only less dependence on foreign oil, but also less 

dependence on oil in general. 
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Source: EIA (2012f) 

 

Source: EIA (2012f), BLS (2012) 
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Figure 1: Total Crude and Petroleum Products Imports By Area of 
Entry
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Figure 2: Total Motor Gasoline Sales to End Users and Prices
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To what extent can these trends be attributed to RFS policies? Assuming overall 

demand for gasoline remains constant, a blending mandate would certainly displace some 

fossil fuels with domestically produced corn ethanol. Several studies have investigated the 

impact of increased ethanol production following the federal mandate, and found that retail 

gasoline prices were lower than they otherwise would be due to cheaper ethanol as a blending 

component1(Du & Hayes, 2008; NREL, 2008a). This suggests that gasoline consumption 

should increase as the price of blended gasoline decreases relative to other goods. 

Conversely, the lower energy content in blended gasoline may encourage higher consumption 

levels at the pump. It is also possible that other factors following from the implementation of 

RFS could be at work, like an increased environmental awareness that can affect consumer 

behaviors.  

While scholars have investigated the effect of the federal-level RFS on gasoline 

prices, none study the impact of blending mandates on gasoline consumption. Thompson, 

Whistance, and Meyer (2011, p.5509) note that “one uncertainty that is omitted from most 

existing analyses and U.S. biofuel rules is the effect of biofuel use on petroleum-based fuel 

use”. To fill this gap in the literature, I investigate whether renewable fuels standards at the 

state level have a net effect on gasoline consumption and estimate the sign of the impact. 

Using monthly panel data from fifty U.S. states and the District of Columbia from 1993 to 

2010, I estimate the demand function for state motor gasoline using a Generalized Least 

Squares (GLS) method with state and time fixed effects. Controlling for price, income and 

other determinants of gasoline demand, the coefficient on a state RFS dummy variable gives 

the effect of a being an RFS-implemented state on gasoline consumption. The findings of my 

research should be useful for state and federal policymakers interested in using RFS to meet 

                                                            
1 Du, X. and D.J. Hayes (2008) estimated that retail gasoline prices were $0.29 to $.0.40 per gallon lower due to 
the expansion of ethanol production.  
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energy security goals, as well as contribute to the understanding of the impacts of RFS on the 

whole, aside from its impact on gasoline and food prices. 

The rest of the paper is arranged as follows: Section 2 gives an overview of RFS 

policies in the U.S.; Section 3 reviews the existing literature on the effects of biofuels; 

Section 4 discusses my hypothesis for the effect of RFS and other explanatory variables; 

Section 5 describes the data used and model specification; Section 6 analyses the regression 

output results; and Section 7 concludes with policy implications of my main findings. 
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2. Policy Background 

Ethanol, produced with sugarcane or corn as the main raw material, has been heralded 

as a sustainable, renewable and cleaner-burning alternative to gasoline. The use of ethanol as 

motor fuel has been popular in Brazil, which currently blends up to 20-25% of ethanol into its 

gasoline. The European Union has a similar but lower biofuels policy, while a 5% blend 

mandate is set to take effect in India at the end of 2012. U.S. biofuel policy consists of three 

main components: tax credits, ethanol tariffs, and blending mandates called Renewable Fuel 

Standards (RFS). The federal tax credits for non-cellulosic ethanol and biodiesel, and the 

ethanol import tariff, expired at the end of 2011 (EIA, 2012a). 

 A Renewable Fuel Standard requires that a certain percentage of transportation fuel 

in a geographic area be replaced by renewable fuels (NREL, 2007). Policies are usually based 

on the volume of total gasoline or diesel sold and can target different points along the supply 

chain, including oil refiners, blenders, importers, distributers or retailers. The regulated party 

may also be given the option to trade credits with other producers or distributors to meet the 

set target. 

National RFS 

At the federal level, the U.S. Energy Independence and Security Act (EISA) of 2007 

expanded a mandate that had been introduced by legislation in 2005. The EISA established a 

renewable fuel standard that increases from year to year, requiring 36 billion gallons of 

biofuels per year to be used in the U.S. by 2022. This total should be made of up to 15 billion 

gallons of conventional biofuels (including ethanol) that reduce greenhouse gas emissions by 

at least 20% relative to gasoline. The remaining 21 billion gallons must be made from 

advanced biofuels that reduce greenhouse gas (GHG) emissions by 50% relative to gasoline. 

Based on the volumetric levels established by Congress and projected fuel consumption 

volumes each year, the Environmental Protection Agency (EPA) develops a percentage 
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blending standard, which is the minimum proportion of renewable fuel that must be blended 

into gasoline or diesel (EPA, 2007). Table 1 shows the EPA standards for ethanol in gasoline 

from 2007 to 2012 (EPA, 2007, 2008, 2010, 2011). All refiners, importers and blenders that 

produce gasoline in the U.S. are obligated to adhere to the RFS.2 

Table 1: National Ethanol Blending Mandates Set by EPA 

Year of compliance Percentage of fuel required 
to be renewable 

2007 4.020% 
2008 7.762% 
2009 10.210% 
2010 8.250% 
2011 8.010% 
2012 9.230% 

Source: EPA (2007), EPA (2008), EPA (2010), EPA (2011). 

  

To comply with the national RFS, obligated parties must acquire renewable fuels with 

unique Renewable Identification Numbers (RINs). These RINs can be traded and function as 

credits which may be carried forward for one year. The EPA may grant exemptions when 

there is insufficient supply of competitively priced ethanol meet the minimum blending 

requirements, or if compliance to the mandate causes undue hardship. Following the 

introduction of federal RFS, most gasoline sold in the U.S. today has about 10% of ethanol in 

content. 

State RFS 

In 1993, even before the national RFS, Minnesota established a state requirement that 

all gasoline sold in the state must be E10, that is, 10% ethanol (Solomon, Barnes & 

Halvorsen, 2007). Pending EPA approval, this will increase to a 20% mandate in 2013 

(approved in Minnesota in 2005) (DOE, 2012). Minnesota’s mandate was followed by a 

similar law in Hawaii starting in April 2006(DOE, 2012). An E10 mandate in Missouri 
                                                            
2Hawaii, Alaska, and U.S. territories are not considered obligated parties. 
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started in 2008 while Florida’s was implemented in 2010(DOE, 2012). The state of 

Washington’s modest E2 mandate took effect in 2008(DOE, 2012). Table 2 reports the 

ethanol blend mandates of individual states, including states with policies that have not yet 

been triggered.3State-level RFS legislations cite the following as important drivers of the 

adoption of RFS:“a positive impact on the rural economy”, “energy security by means of fuel 

diversification”, “reduction of dependence on foreign oil”, and “environmental benefits such 

as improved constituency health, air quality, and reduced CO2 emissions” (NREL, 2008b, 

p.1). 

 

 

 

 

 

 

 

 

 

  

                                                            
3 Cellulosic ethanol and biodiesel policies are omitted. 
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Table 2: State RFS Parameters  

State Blend 
Mandate 

Year of 
Compliance 

Details 

Florida* E10 2010 All gasoline sold must contain 10% 
ethanol or other alternative fuel by 
volume. Alternative fuel is defined as 
a fuel produced from biomass.  

Hawaii* E10 2006 At least 85% of gasoline sold must be 
E10. 

Iowa 25% fuels 
renewable 

2020 Equivalent of 25% of all gasoline 
sales must come from renewable 
sources (sold as E10 or E85).  

Louisiana E2 2015 Total gasoline sales must contain 2% 
ethanol produced from domestically 
grown feedstock by 2015 or 6 months 
after in-state production reaches 50 
million gallons of ethanol.  

Minnesota* E20 2013 Currently E10. Updated in 2006 to 
require 20% ethanol by volume for all 
motor gasoline sales by 2013, subject 
to EPA approval. 

Missouri* E10 2008 Total non-premium motor gasoline 
sales must contain 10% ethanol by 
volume.  

Montana E10 Within one 
year of 

achieving 40 
million gallons 

of ethanol 
production 
capacity 

Total non-premium motor gasoline 
sales must contain 10% ethanol by 
volume. 

Oregon* E10 2008 Total gasoline sales must contain 
10% ethanol.  

Washington* E2 2008 At least 2% of total gasoline sold 
must contain ethanol 

Source: U.S. DOE Alternative Fuels Data Center (2012), NREL (2008b), NREL (2007). 
* Denotes that an ethanol blending mandate is currently or has ever been in effect. 
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3. Literature Review 

In this section, I review the literature on the effects of national RFS on gasoline 

prices, greenhouse gas emissions, energy security and food prices, and the limited available 

discussion of state-level policies. 

Previous studies on the effect RFS have mostly been at a national level, geared 

towards the impacts on gasoline prices, greenhouse gas emissions and food prices. Du and 

Hayes (2009) studied the effect of increased ethanol production on gasoline prices, and find 

that gasoline price slightly declines as a result of the increased availability of ethanol. Ceteris 

paribus, this means transportation fuel consumption will be slightly higher as a result of 

ethanol, indicating a significant substitution effect of ethanol on gasoline. Further, Du and 

Hayes separated their pooled time series data into regions and repeated their estimation, 

showing that the Midwest region had the largest negative effect on gasoline production 

perhaps because of high gasoline consumption and ethanol production. 

The effect on greenhouse gas emissions hinges on the science of biofuel emissions 

and also the consumption level of gasoline as a result of biofuel policies. The lifecycle 

greenhouse gas emissions of ethanol –that is, the overall emissions from the production to the 

consumption of the fuel- depends on the process by which it is produced (CBO, 2009). For 

the most part, corn-based ethanol emits more than gasoline, while cellulosic ethanol possibly 

emits less (Knittel, 2012). Thompson, Whistance, and Meyer (2011) predicted the effects of 

U.S. biofuel policies on U.S. and world petroleum markets and greenhouse gas emissions. 

For biofuel mandates, depending on assumptions like the influence of U.S. biofuel trade on 

international biofuel and petroleum markets, they found that impacts on greenhouse gas 

emissions can be positive or negative. They concluded by discouraging broad conclusions on 

the effect of biofuel policies on GHG emissions. 
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The contribution of RFS to energy security is also uncertain. Eaves and Eaves (2007) 

questioned the sustainability of corn-ethanol as a fuel. They found that devoting the entire 

stock of corn ethanol in the U.S. to transportation fuel would only displace 3.5% of gasoline 

consumption. Furthermore, uncertainties in weather would mean that the annual supply of the 

ethanol is inherently more risky than that of imported oil. They concluded that the use of corn 

ethanol would not help energy security, as it simply displaces the geopolitical risk of 

imported oil with the yield risk of corn. Accounting for the fact that ethanol has lower energy 

content than fossil gasoline, the National Renewable Energy Laboratory (2008b) forecasted a 

total of 1.3 billion gallons of motor gasoline offset in the first year of compliance of each 

state’s RFS policies. They were confident that enacting an RFS contributes to fuel diversity 

and fuel security of a state.  

Less contested is the unintended consequence of policies that promote ethanol use on 

food prices. Roberts and Schlenker (2010) estimated the elasticities of supply and demand for 

agricultural commodities and found that in order to meet the 2009 federal blending mandate, 

the production of ethanol caused food prices to be 30%higher than they otherwise would have 

been. This is the basis for the ethical debate of food versus fuel.  

Aside from gasoline consumption levels, state-level variation in RFS has also not 

been explored in the literature. In a study of gasoline content regulations prior to the 

introduction of RFS, Chouinard and Perloff (2002) estimated retail and wholesale gasoline 

prices at the state level as a function of content regulations, along with other factors that 

affect cost and demand of gasoline. In their estimation of the effects of regulation at the city-

level, Brown, Hastings, Mansur and Villas-Boas (2006) opted for a differences-in-differences 

approach, comparing regulated and unregulated cities. Both studies attributed an increase in 

wholesale and retail gasoline prices of $0.03 to $0.06 per gallon to gasoline content 

regulations. 
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My research contributes to the energy security discussion by examining the degree to 

which changes in gasoline consumption across different states can be explained by regulatory 

differentiation of gasoline sold by composition of ethanol, in addition to the national RFS 

policy. 
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4. Hypothesis 

My basic model is an estimation of a gasoline demand function with state RFS 

variable as the main independent variable. I add price and other factors that affect gasoline 

consumption, described in the rest of this section. 

RFS 

The primary variable of interest in my model is RFS implementation. Ceteris paribus, 

fossil gasoline usage should decrease, as fossil gasoline will be displaced by ethanol in 

blended gasoline (assuming consumers buy the same volumes of fuel at the pump). For this 

study, pure gasoline consumption measures were not available. Mechanisms through which 

RFS reduces overall gasoline consumption (including blended gasoline) are changes in price, 

decreased energy content, and any behavioral effects that occur as a result of being in a state 

with a blend mandate. Controlling for price in the regression leaves the net effect of energy 

content differences and behavioral aspects, which suggests a potentially ambiguous 

relationship between RFS and gasoline consumption. 

Gasoline Price and GDP Per Capita 

Since gasoline is a normal good, its consumption should increase with lower prices 

and as per capita GDP increases, total gasoline demand is also expected to increase. 

Additionally, states with lower income levels may be incentivized to promote a local industry 

like ethanol or corn-agriculture, therefore state income levels can give an indication of their 

willingness to promote RFS. 

Population Density 

In urban areas, a higher concentration of people should be associated with lower 

gasoline consumption; densely populated cities means shorter distances travelled, less driving 
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due to congestion, and a lesser need for cars overall if a good system of public transportation 

is available. Outside of cities, one would expect higher gasoline consumption in high density 

suburbs than rural areas because there are fewer destinations to drive to in the latter (Searl 

2010). Since I am studying the impact of average state population density (and make no 

distinction between urban and rural areas), I expect the relationship of density and gasoline 

consumption to be one that increases at a decreasing rate. 

Vehicle Registration Per Capita 

Since gasoline is complementary to vehicles, at levels of less than one car per person, 

the increased vehicle registration per capita is expected to increase gasoline consumption 

(Searl, 2010). With more vehicles per person, however, this relationship is expected to be less 

pronounced since a person can only drive one car at a time.  

Seasonality 

Gasoline demand as well as price varies with temperature and over seasons. People 

take more trips during the warmer summer months (Chouinard & Perloff, 2002). 

Temperatures also affect the fuel and gasoline consumption of a car – cold weather reduces 

the fuel efficiency of combustion engines, while hot temperatures induce the use of air 

conditioning, which also reduces the fuel efficiency of a vehicle (DOE, 2013). In addition, 

during frequently-occurring natural disasters like hurricanes, gasoline demand tends to 

decrease. 

Average Automobile Fuel Efficiency  

More fuel-efficient vehicles should decrease gasoline consumption, all else being 

equal, since each vehicle needs less gasoline to travel the same distance. However, a growing 

number of studies have identified a “rebound effect” of increased gasoline consumption with 
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hybrid vehicles; higher energy-efficiency would mean lower operation costs and hence 

increased demand, potentially defeating the purpose of improved energy efficiency (de Haan, 

Peters & Scholz, 2006). 
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5. Data 

I analyze a panel dataset of monthly state-level data from 1993-2010. A single database to 

run my analysis does not exist; therefore I built my dataset from multiple sources including 

the U.S. Energy Information Administration (2012d, 2012e), the U.S. Department of 

Transportation’s Federal Highway Administration (1996, 2001, 2006, 2011) and the U.S. 

Department of Commerce’s Bureau of Economic Analysis (2012). Descriptive statistics of 

the whole sample are shown in Table 3. Table 4 stratifies the data by states with and without 

RFS. 

Table 3: Descriptive Statistics of Model Variables   

Variable Mean Min Max 
Standard 
Deviation 

Gasoline sales per vehicle (gallons) 0.421 0.002 2.211 0.290 

State RFS 0.017 0 1 0.129 

Real gasoline price (1990 $) 0.922 0.368 2.431 0.362 

State gas tax (1990 $) 0.151 0.046 0.351 0.040 

GDP per capita (1990 $) 25,966 15,310 101,230 9,500 

Automobiles per capita 0.457 0.128 0.641 0.075 

Population density ( people/square mile) 328.000 0.968 8,889.000 1,173.000 

Hurricane 0.003 0 1 0.059 
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Table 4: Descriptive Statistics Stratified by RFS States 

 
Variable Mean Min Max 

Standard 
Deviation 

 
Gasoline sales per vehicle 
(gallons) 0.437 0.071 0.825 0.170 

Real gasoline price (1990 $) 1.160 0.467 2.247 0.407 
States with RFS State gasoline tax (1990 $) 0.153 0.100 0.227 0.027 

GDP per capita (1990 $) 365,682 64,251 754,255 223,462 

Automobiles per capita 0.465 0.330 0.557 0.061 

 
Population density (people/square 
mile) 105.000 38.900 257.000 75.540 

Hurricane 0.002 0 1 0.049 

  
Gasoline sales per vehicle 
(gallons) 0.420 0.002 2.211 0.294 

Real gasoline price (1990 $) 0.913 0.368 2.431 0.358 
States without State gasoline tax (1990 $) 0.151 0.046 0.351 0.040 

RFS GDP per capita (1990$) 25,920 15,311 101,230 9666 

Automobiles per capita 0.457 0.128 0.641 0.075 

 
Population density (people/square 
mile) 336.400 0.968 8,889.000 1195.100 

Hurricane 0.004 0 1 0.059 

 

Gasoline consumption 

I use total motor gasoline sales by refiners to end users as a measure of state gasoline 

consumption from 1993 to 2011. I obtained data on state-level motor gasoline sales from the 

U.S. Energy Information Administration’s compilation of their EIA 782 survey (EIA, 2012e). 

Gasoline sales data at the national level date back to 1983. Motor gasoline includes 

conventional gasoline, oxygenated gasoline (including blended gasoline), and reformulated 

gasoline (excluding aviation gasoline). Sales data can also be split according to gasoline 

grade (regular, midgrade or premium octane levels). The data encompass sales made directly 

to residential and commercial motor gasoline consumers as well as bulk consumers for 

agriculture, industry and utilities. The data on gasoline sales reflect accurate measure of state-

level gasoline consumption assuming most sales are made for in-state consumption. Total 
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sales are divided by the average number of registered automobiles to obtain gasoline sales per 

vehicle. Table 4 shows that on average, states with RFS consume slightly more gasoline per 

vehicle than non-RFS states.  

State Renewable Fuel Standards 

Information on ethanol blend mandates and date of implementation for each state is 

compiled from the U.S. Department of Energy Alternative Fuels Data Center (DOE, 2012). 

As described in Table 2, six states (Florida, Hawaii, Minnesota, Missouri, Oregon and 

Washington) have implemented RFS. Since there is little variation in the levels of RFS, I use 

a dummy variable for RFS where “1” means the state has implemented its own mandate and 

“0” otherwise. This variable does not include the national RFS. In other words, when the 

national standard came into effect after 2007, states without their own RFS would still be 

flagged as “0”. 

National Renewable Fuel Standard 

In addition to the state RFS dummy, a continuous variable showing the National 

Renewable Fuel Standard mandates is added to control for the national standard. Values were 

generated according to the EPA RFS percentages constructed in Table 1. This variable is 

included in the model whenever the State RFS dummy is included. 

Real Gasoline Price 

Data on monthly nominal price of gasoline by state are obtained from the U.S. EIA 

(2012d). Each observation shows the total revenue from the sale of product over the 

particular month, divided by the total volume of gasoline sold (weighted average price). 

Taxes are excluded from the total revenue measure, but transportation costs are accounted for 

when paid as part of the purchase price. Prices are measured in dollars per gallon then 
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deflated with a CPI that includes energy prices. From table 3, the average real price of 

gasoline across states over the time period of my study was 92 cents per gallon, in 1990 

dollars. 

Gasoline Tax Rate 

The Highway Statistic Series from the U.S. Department of Transportation’s Federal 

Highway Administration (FHWA) provides annual data on state-level tax rates on gasoline 

and blended gasoline (FHWA, 1996, 2001, 2006, 2011). Table MF-121T of Section 8.4.6 

gives the tax rates as at 2010 and the date at which the reported tax rate became effective. I 

constructed a time series of tax data by looking at previous publications of Highway 

Statistics. Some states have sales taxes that apply on top of volumetric taxes. I converted 

these into dollar values by multiplying the tax percentage with gas price, and adding to the 

volumetric tax rate to obtain total state gas tax in dollars per gallon.  

Real Income Per Capita 

I acquired state nominal GDP from 1963-2011 from the U.S. Department of 

Commerce’s Bureau of Economic Analysis data, last updated in June 2012(BEA, 2012). This 

data series is annual, thus I divide the year-to-year change equally over twelve months. I then 

adjust the GPD series for inflation with CPI data from the Bureau of Labor Statistics (BLS, 

2012) and divide by the state’s population from the U.S. Census Bureau(2012) to obtain the 

state’s GPD per capita. Table 4 shows that states with RFS have higher average incomes than 

states without RFS. 

Average Population Density 

This variable is defined as person per square mile, obtained by dividing state 

population by land area (National Atlas, n.d.). Annual state-level intercensal population 
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estimates are taken from the U.S. Census Bureau (2012) and annual population changes are 

distributed equally across 12 months to obtain monthly population estimate for each state. 

Vehicle Registration per Capita 

FHWA’s Highway Statistics series provides the number of motor vehicle registrations 

by state. My model includes data for all automobile registrations including public, taxis or 

commercial cars, but excludes trucks, buses, tractors or other agricultural vehicles (FHWA, 

1996, 2001, 2006, 2011). This data are available as annual totals, thus yearly changes are 

distributed equally across 12 months to obtain a monthly value for each state. Census data on 

population were used to calculate the number of vehicles per capita for each state.  

Hurricane and Seasonality 

I use dummy variables to indicate if a state was affected by a hurricane in a particular 

month. I created this variable with historical information from the National Hurricane Center 

(2012a) on states impacted by the largest hurricanes to hit the U.S. within the time period 

studied. These were mostly states around the Gulf Coast.  

I added monthly dummy variables to control for seasonal and temperature effects. 

Monthly average temperatures data were unavailable from the National Oceanic and 

Atmospheric Administration, therefore were not included. Since temperatures are correlated 

with season, however, it is reasonable that the monthly dummies capture some of the effect of 

temperature on gas consumption.  
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Model Specification 

In this section I describe the partial flow adjustment model for estimating gasoline 

demand that I adopt for my analysis, given by the equation below. Upon conducting 

diagnostic tests, I use the Parks-Kmenta method of feasible generalized least squares to 

account for autocorrelation and heteroscedasticity. 

Gas Consumptionit= αi+ β1RFSit + β2Priceit+ β3Xjt +Gas Consumptionjt-1 +uit 

Central to the partial flow adjustment model in gasoline demand estimation is the 

inclusion of lagged gasoline consumption variable to account for lagged consumer 

adjustment to changes in prices. Immediately after a price increase, consumers are 

constrained to small adjustments to their gasoline consumption behavior like forgoing 

marginal trips or carpooling. The inclusion of a lagged consumption variable allows for the 

capture of longer term adjustments, such as the purchase of more fuel-efficient vehicles or 

moving closer to work locations (Eltony, 1988; Eltony & Al-Mutairi, 1995). 

To start, I estimated the model with basic Ordinary Least Squares (OLS) adding state 

fixed effects to control for time-invariant state characteristics. Monthly dummies are included 

to account for the seasonal nature of travel or other factors that affect gasoline demand. I 

evaluated state Renewable Fuel Standard as a dummy variable, and then deepened the 

analysis by including it as a continuous variable. For the continuous RFS variable, states 

either take on the percentage value of RFS in their own state or the federal RFS value, 

whichever is greater.  

I used the log-log functional form because it allows for direct estimates of elasticity 

while decreasing the potential for heteroscedasticity (Searl, 2010).  In the presence of 

heteroscedasticity, the variances of estimated parameters are biased and therefore invalid, but 

the estimated coefficients themselves remain unbiased. Population density was added as a 
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quadratic term to reflect the non-linear hypothesized relationship of population density and 

gasoline consumption. 

One concern with lagged dependent variables is that fixed effects estimators are 

biased when a lagged dependent variable appears as a regressor (Kennedy, 2003). However, 

Kennedy concludes that when there are greater than thirty time periods, the bias created using 

a lagged dependent variable is more than offset by the greater precision achieved by 

including the variable, as it is the case in my analysis. 

The modified Wald test revealed the presence of heteroscedasticity, therefore robust 

standard errors are estimated. Because the Wooldridge test for serial correlation revealed 

autocorrelation, I use the Parks-Kmenta method of feasible generalized least squares (GLS)4. 

This method of estimation accounts for heteroscedasticity as well as for temporal and spatial 

correlation in the residuals of time-series cross-section models (Hoechle, 2007). In estimating 

different gasoline demand functions, Pock (2005) found this method to produce the most 

accurate results. Furthermore Hoechle noted that this method is suitable if the time dimension 

of the panel dataset is smaller than its cross-sectional dimension, as in the case of my dataset. 

Beck and Katz (1995) showed that small standard error estimates are not uncommon from 

using the Parks-Kmenta method but given the large size of my dataset, this is not too big a 

concern.  

Limitations: Multicollinearity and Missing Data 

Price is the main mechanism through which RFS would affect gasoline consumption. 

Therefore, the relationship between price and RFS has potential a multicollinearity problem, 

affecting standard error but not biasing coefficients. Perfect multicollinearity is unlikely, 

however, since there are other components to price fluctuations besides ethanol and the RFS 

                                                            
4The Parks-Kmenta method is implemented in Stata by using the xtgls command with option panels(correlated). 
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in the period of study only goes up, not down. If the problem is large enough especially with 

small sample sizes, variables could appear insignificant. Additionally, I included an 

interaction term for price and RFS to allow for the impact of price on gasoline consumption 

to vary by states that do or do not have RFS.   

Another measurement issue is missing data: the dependent variable is not always 

populated. For my analysis I dropped the states Connecticut, Maine, Massachusetts, Vermont, 

District of Columbia, Maryland, South Dakota, Idaho and Montana from the dataset for 

which a majority of the gasoline consumption data are missing over the time period studied. 

These missing values are found to be non-random, as many of these states have very few oil 

producers and none of these states have implemented state level RFS. The regression results 

reported in the following chapter are based on the dataset with excluded states.  
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6. Results 

Using GLS estimation with heteroscedastic panels and first order autocorrelation 

AR(1), I find that an RFS state is associated with 1.5% lower consumption of gasoline on 

average compared to a state that has not adopted RFS. Furthermore, a 1% increase in gasoline 

price leads to a 0.08% fall in gasoline consumption, while the lagged consumption variable 

coefficient of 0.98 suggests slow consumer adjustment to price changes. Table 5 shows the 

main results. Model 1 represents the regression results for the main model with state RFS 

dummy as the main dependent variable; Model 2 separates out the effect of taxes and that of 

prices; Model 3 measures the impact of RFS using a continuous variable representing RFS 

the level in a particular state or at a national level, whichever is higher. The robust fixed 

effect regression output with lagged dependent variable as an explanatory variable, and RFS 

as a dummy variable is shown in Model 4 in Table A1 of the Appendix.    

Gasoline Composition: RFS 

The coefficient on the state RFS dummy variable in Model 1 indicates that all else 

being equal, in state with RFS implemented has 1.5%lower gasoline consumption (measured 

in thousand gallons per vehicle) than one without RFS. This result is statistically significant 

(p < 0.05). Interestingly, the sign of this coefficient suggests that the mechanical impact of 

lower energy content in blended gasoline is overcome by other mechanisms of RFS that 

affect consumption. The presence of RFS may encourage environmental consciousness 

within the state. Therefore, it is possible that the implementation of RFS could be taken as a 

proxy for environmental awareness, resulting in gasoline conservation. This is consistent with 

standard microeconomic theory, where utility maximizing consumers choose different 

consumption bundles based on different beliefs about the impact of their actions, or different 

tastes, subject to financial constraints. 
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Table 5: GLS Estimation Regression Results 
 Model 1 Model 2 Model 3 
 ln gas ln gas ln gas 
    
RFS dummy -0.0147** -0.0153*** - 
 (0.0058) (0.0059)  
    
federal RFS 0.0043** 0.0048** - 
 (0.0021) (0.0022)  
    
RFS value - - 0.0013 
   (0.0017) 
    
ln price -0.0763*** - -0.0761*** 
 (0.0159)  (0.0158) 
    
ln gross price - -0.0663*** - 
  (0.0143)  
    
ln tax - 0.0018 - 
  (0.0069)  
    
lag ln gas 0.9840*** 0.9840*** 0.9850*** 
 (0.0024) (0.0024) (0.0023) 
    
RFS*price -0.0002 0.0002 - 
 (0.0099) (0.0099)  
    
RFS value* price - - -0.0015 
   (0.0011) 
    
ln income -0.0291** -0.0236 -0.0222 
 (0.0144) (0.0146) (0.0143) 
    
density 0.3780 -0.4320 0.7340 
 (1.3530) (1.3440) (1.3510) 
    
density2 6.3970 7.6680 5.0250 
 (8.2680) (8.3680) (8.2690) 
    
ln car -0.0192** -0.0192** -0.0176** 
 (0.0082) (0.0082) (0.0082) 
    
hurricane -0.0137 -0.0135 -0.0147* 
 (0.0086) (0.0087) (0.0086) 
    
constant 0.1140 0.0610 0.0931 
 (0.1420) (0.1430) (0.1460) 
N 7774 7774 7774 
    
    
Standard errors in parentheses 
* p< 0.10, ** p< 0.05, *** p< 0.01 
State, time and monthly seasonality dummy variable coefficients are not reported. 
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An alternative interpretation of RFS is that, the RFS indicator used in this analysis measures 

some unobserved state characteristics, such as consumer preferences or ideology which affect 

the implementation of RFS as well as gasoline consumption, rather than merely measuring 

the presence of the blending mandate.  

If being in a state with RFS raises environmental consciousness and hence lowers 

gasoline consumption, it is reasonable to assume that this would be a one-time increase in the 

level of awareness. Once the state has RFS, changes in the percentage blend mandate should 

not induce gasoline consumption changes through environmental behavior. To test the 

robustness of my findings, I estimate my model with RFS as a continuous variable measuring 

the percentage of gasoline that has to be composed of ethanol in each particular state. This 

includes the federal mandate, whichever is higher. The coefficient on RFS value in Model 3 

indicates a slight positive association of 0.13% increase in gasoline consumption for every 

percentage point increase in the mandated ethanol blending levels in each state. The opposing 

signs of the RFS value coefficient and the state RFS dummy coefficient support the argument 

that behavioral aspects are captured by the dummy variable measure and not the continuous 

measure.  

However the coefficient is neither statistically significant nor substantially significant. 

Gasoline composition of 50% ethanol would only increase gasoline consumption by 6.5%. 

This result should be interpreted with caution as there could be reverse causality between the 

federal level RFS and gasoline consumption because the EPA calculates percentage mandates 

based on the volumetric requirements set by Congress and predicted gasoline consumption. 

As seen in Table 1, the highest EPA-set RFS was in 2009during the Great Recession, in 

conjunction with lower predictions of gasoline consumption and increasing Congress 

volumetric requirements. Furthermore, the RFS value may not reflect the true composition of 
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gasoline sold within a state since according to the EPA (2012), most gasoline sold across 

America today contains 10% ethanol. 

Economic Factors: Price and Income 

Rising gasoline prices have negative effect on gasoline consumption as expected of a 

normal good. The price elasticity of demand from my regression is -0.08; In other words, a 

1% increase in price leads to a highly statistically significant 0.08% fall in gasoline 

consumption. The coefficients on the interaction terms of the RFS dummy or the RFS merged 

value with price for all models are not statistically different from zero. This indicates that the 

reaction of consumer behavior to price does not differ across RFS or non-RFS states.  

The evaluation of the impact of taxes is especially relevant with the recent increase in 

gasoline taxes in the states of Virginia and Maryland, which have remained unchanged since 

1993 (Fletcher, 2013). Model 2 shows the parameter estimates when gasoline taxes and 

prices enter into the model separately. The effect of an additional percentage increase in tax 

does not seem to have the same impact on consumption as changes in price due to market 

forces. This result is probably observed because there is little variation in taxes within each 

state throughout the time period studied and the effect of taxes is absorbed when using a state 

dummy to control for time-invariant state characteristics. 

Higher per capita income should lead to higher gasoline consumption since we expect 

gasoline to be a normal good. Contrary to this hypothesis, the regression results from Model 

1 suggest that a 1% increase in income leads to a 0.03% decrease in gasoline consumption 

(p< 0.05). Models 2 and 3 indicate that income elasticity is not significantly different from 

zero. There could be other things affecting both income and gasoline consumption not 

captured in the model that cancel out the effect of income on discretionary driving and hence 

gasoline consumption. Increase in income could mean substituting driving for more 
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expensive forms of travel, like increasing travel by air. Alternatively, higher income could 

proxy for education and environmental consciousness and choosing less gasoline-intensive 

modes of transport like more fuel-efficient cars or bicycles. 

Previous Behavior: Lagged Consumption 

The coefficient of the lagged consumption term is useful because it can be interpreted 

as the speed of consumption adjustment to variations in price (Eltony, 1988). I base my 

analysis on the adjustment process equation estimated in the Houthakker, Verleger, and 

Sheeham (1974) study on gasoline demand, whereby the coefficient on lagged consumption 

is be between zero and one. The larger the estimated coefficient, the slower is the adjustment 

to a new equilibrium.5 In my results, the lagged consumption variable is highly statistically 

significant (p< 0.01) at a value of 0.98 in all three models suggesting slow consumer 

adjustment to price changes. This indicates that government policies that affect gasoline 

consumption via prices might only see impacts after several months or longer. 

Vehicles and Density 

Gasoline consumption should increase with higher number of vehicles that use 

gasoline, if the number of vehicles per capita is low. The results suggest a 0.02% fall in gas 

consumption per vehicle with a 1% increase in vehicle registration per capita. This is 

consistent with high levels of vehicle ownership: if everyone owns a car and as there is only 

so much a person can drive, each additional car will not increase the gasoline consumption 

overall, and may in fact decrease consumption if the new car is more fuel efficient. 

As discussed in the hypothesis section, increase in population per square mile means 

there are more people who travel per square mile and more places to travel to. At high levels 

                                                            
5  Eltony (1988, p.4-5) provides a detailed overview of the equilibrium equation with lag consumption. 
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of density, decreasing levels of fuel consumption is expected because of the availability of 

public transportation.  

The relationship between population density and gasoline consumption could have 

important implications of government growth policies that encourage dense living patterns: 

would such policies inadvertently cause increase in gasoline consumption? Contrary to my 

earlier hypothesis, none of the models show that population density increases gasoline 

consumption at a decreasing rate. Models 1 and 3 suggest that population density increases 

gasoline consumption at an increasing rate, while Model 2 suggests that population density 

lowers gasoline consumption at an increasing rate. None of the coefficients on these variables 

are statistically significant. I attribute this mixed result to the fact that my analysis does not 

distinguish between city and non-city areas, therefore the impact of density on gasoline 

consumption in these areas might inherently be different. This suggests that my specification 

of population density may not be the most representative of the true complicated relationship 

of population density on gasoline consumption. 

Seasonality and Natural Disasters 

Hurricane season in the Atlantic runs from June to November, while Eastern Pacific 

hurricane season begins May to November (National Hurricane Center, 2012b).  Controlling 

for hurricanes separates out seasonality due to these natural disasters from the monthly 

trends. The coefficient on hurricane suggests that states that have been badly affected by big 

hurricanes consume 1.4-1.5% less gasoline per vehicle. This is only statistically significant in 

Model 3 with continuous RFS value (p< 0.10). The lack of precision could be attributable to 

the narrow measure of natural disaster shocks by only looking at hurricanes. For instance 

weather shocks like droughts may severely affect the supply of ethanol, and hence 

consumption of gasoline. 
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The coefficients on monthly dummies for Model 1 are shown in Table A1 in the 

Appendix. January sees lower gasoline consumption than December (p < 0.01), while March, 

April and June see statistically significantly higher consumption. It is not clear why the other 

coefficients observed do not match the hypothesized relationships of months with gasoline 

consumption. Coefficients of July and August, for example, are negative and not statistically 

significantly different from zero even though we would expect more discretionary travel in 

the warmer summer months. In Model 4 of OLS with fixed effects, the monthly dummy 

variables have larger magnitudes and signs that are closer to expectations, especially in the 

summer months. This indicates that the use of the Parks-Kmenta method with AR1 correction 

for Model 1 somehow affects the accuracy of monthly predictors. A future extension of this 

work could look into the including a different measure seasonality that is more appropriate 

for this model. 

As discussed in the previous chapter, the models shown in Table 5 are analyzed after 

excluding states that had a majority of missing dependent variables. To measure the impact of 

unbalanced data on the findings of the models reported in Table 5, I run Models 1 and 3 with 

the full sample, shown in Table A2 in the Appendix. The model predictions remain similar 

when a more balanced panel is used by excluding these eight states and District of Columbia 

excluded from the analysis. 
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7. Policy Implications and Conclusion 

The exceptionally high level of U.S. gasoline consumption has important implications 

for national security and the environment; dependence on foreign oil imported from unstable 

regions, the non-renewable nature of oil and the environmental harms that arise from the 

combustion of gasoline renders gasoline use unsustainable in the long run. It is important to 

evaluate the effectiveness of policies like the RFS, which seek to reduce gasoline 

consumption, particularly since the use of biofuels is a contentious political issue. Ethical 

concerns have arisen along with rising food prices as a result of the use of corn and sugar for 

large-scale ethanol production, and there is ongoing debate regarding the lifecycle emissions 

of biofuels compared to fossil fuels. 

After controlling for the effect of RFS through gasoline prices, I found that states that 

implemented RFS saw a 1.5% decline in overall gasoline consumption per vehicle. This is 

despite concerns of increased gasoline consumption with the lower energy content of blended 

gasoline. The result is encouraging, as it suggests that despite the mechanical reactions to 

price changes and energy content that would otherwise boost gasoline consumption contrary 

to policy goals, there may be other behavioral mechanisms depressing gasoline consumption 

decisions. Furthermore, the significance of the RFS dummy coefficient indicates that there is 

merit in the implementation of RFS by individual states alongside federal blending mandates. 

The concept of energy security has competing definitions according to a 

Congressional Research Service report (2010), including “energy independence” –the 

production of energy sources within borders – or “energy diversification” – diversifying 

energy sources to guarantee reliable supplies, regardless of origin. In the context of fossil 

fuels, it can be argued that a combination of both independence and diversification are 

required in the long run. Therefore, changes in imported petroleum-based fuels, changes in 
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absolute petroleum-based fuel consumption, or changes in petroleum-based fuel consumption 

relative to renewables provide measures of energy security.  

The state-level evaluation of biofuel blending mandates provides evidence of the 

contribution of such policy towards energy security and reduction of emissions via motor 

gasoline combustion. The results could be more convincing if there was availability of state-

level crude oil imports and consumption values that distinguish between pure fossil gasoline 

or blended gasoline. Other programs concurrent with RFS like blending credits, which help to 

achieve the blending goals, are outside the scope of this study but an extension of this work 

could include these variables. Exploring further the precise mechanisms through which RFS 

impacts consumer behavior is an interesting area for future research and important for 

targeted consumer policies.  
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APPENDIX 
 

Table A1: Regression Results Including Monthly Dummy Coefficients 
 
 Model 1 Model 3 Model 4 Model 5 
 lngas lngas lngas lngas 
     
RFS dummy -0.0147** - -0.0213 -0.0480* 
 (0.0058)  (0.0129) (0.0268) 
federal RFS 0.0043** - -0.0036 -0.0493*** 
 (0.0021)  (0.0016) (0.0050) 
RFS value - 0.0013 - - 
  (0.0017)   
ln price -0.0763*** -0.0761*** -0.0578* -0.3050*** 
 (0.0159) (0.0158) (0.0342) (0.0248) 
lag ln gas 0.9830*** 0.9840*** 0.9750*** - 
 (0.0022) (0.0022) (0.0061)  
RFS*price -0.0002 - 0.0122 -0.0492 
 (0.0099)  (0.0153) (0.0316) 
RFS value* price - -0.0015 - - 
  (0.0011)   
ln income -0.0291** -0.0222 -0.0201 0.2770*** 
 (0.0144) (0.0143) (0.0193) (0.0987) 
density 0.3780 0.7340 2.1570 -17.7600 
 (1.3530) (1.3510) (1.8820) (21.1200) 
density2 6.3970 5.0250 7.8080 481.4001*** 
 (8.2680) (8.2690) (11.3700) (130.3000) 
ln car -0.0192** -0.0176** -0.0316*** -0.9960*** 
 (0.0082) (0.0082) (0.0108) (0.0325) 
hurricane -0.0137 -0.0147* -0.0149** -0.0184** 
 (0.0086) (0.0086) (0.0063) (0.0076) 
January -0.0747*** -0.0761*** -0.0123 0.1460*** 
 (0.0139) (0.0140) (0.0189) (0.0293) 
February 0.0002 -0.0021 0.0391 0.1370*** 
 (0.0140) (0.0141) (0.0243) (0.0285) 
March 0.0468*** 0.0454*** 0.0282 0.2020*** 
 (0.0138) (0.0139) (0.0169) (0.0275) 
April 0.0351** 0.0341** 0.0728** 0.2390*** 
 (0.0138) (0.0138) (0.0287) (0.0264) 
May 0.0032 0.0023 0.0715*** 0.2070*** 
 (0.0144) (0.0144) (0.0246) (0.0258) 
June 0.0269* 0.0248* 0.0646*** 0.1920*** 
 (0.0145) (0.0146) (0.0210) (0.0248) 
July -0.0068 -0.0089 0.0299 0.1500*** 
 (0.0147) (0.0148) (0.0204) (0.0234) 
August -0.0181 -0.0200 0.0199 0.1020*** 
 (0.0147) (0.0148) (0.0201) (0.0217) 
September -0.0265* -0.0287* -0.0568 0.0429** 
 (0.0147) (0.0148) (0.0345) (0.0194) 
October -0.0013 -0.0028 0.0235 0.0152 
 (0.0148) (0.0149) (0.0217) (0.0161) 
November -0.0201 -0.0597*** -0.0240 -0.0025 
 (0.0153) (0.0211) (0.0294) (0.0117) 
constant 0.1140 0.0931 -0.0509 -11.8600*** 
 (0.1420) (0.1460) (0.2140) (0.999) 
N 7774 7774 7774 7887 
r2   0.958  
r2_a   0.957  
Standard errors in parentheses 
* p< 0.10, ** p< 0.05, *** p< 0.01 
State and time fixed effects coefficients not reported 
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Table A2: Regression Comparing Models with Excluded States and Full Sample  

 
 Model 1 Model 1 full sample Model 3 Model 3 full sample 
 lngas lngas lngas lngas 
     
RFS dummy -0.0147** -0.0142** - - 
 (0.00584) (0.00594)   
federal RFS 0.00429** 0.00471** - - 
 (0.00206) (0.00205)   
RFS value - - 0.00128 0.00139 
   (0.00173) (0.00175) 
ln price -0.0763*** -0.0838*** -0.0562*** -0.0835*** 
 (0.0159) (0.0157) (0.0164) (0.0156) 
lag ln gas 0.983*** 0.983*** 0.985*** 0.984*** 
 (0.00222) (0.00210) (0.00238) (0.00208) 
RFS*price -0.000178 -0.00169 - - 
 (0.00988) (0.0100)   
RFS value* price - - -0.00150 -0.00163 
   (0.00107) (0.00108) 
ln income -0.0291** -0.0229 -0.0265* -0.0161 
 (0.0144) (0.0144) (0.0150) (0.0144) 
density 0.378 1.300 -6.139** 1.497 
 (1.353) (0.918) (2.834) (0.916) 
density2 6.397 1.205 147.8** 1.023 
 (8.268) (1.927) (57.73) (1.927) 
ln car -0.0192** -0.0205** -0.0190** -0.0189** 
 (0.00820) (0.00824) (0.00823) (0.00824) 
hurricane -0.0137 -0.0134 -0.0158* -0.0143 
 (0.00864) (0.00876) (0.00857) (0.00875) 
January -0.0747*** -0.0768*** -0.0738*** -0.0783*** 
 (0.0139) (0.0137) (0.0145) (0.0138) 
February 0.000214 -0.00248 0.00565 -0.00493 
 (0.0140) (0.0138) (0.0147) (0.0140) 
March 0.0468*** 0.0449*** 0.0454*** 0.0435*** 
 (0.0138) (0.0137) (0.0144) (0.0138) 
April 0.0351** 0.0359*** 0.0345** 0.0348** 
 (0.0138) (0.0137) (0.0144) (0.0137) 
May 0.00328 0.00425 0.00409 0.00316 
 (0.0144) (0.0142) (0.0150) (0.0143) 
June 0.0269* 0.0256* 0.0271* 0.0235 
 (0.0145) (0.0144) (0.0152) (0.0144) 
July -0.00680 -0.00820 -0.00807 -0.0105 
 (0.0147) (0.0146) (0.0155) (0.0147) 
August -0.0181 -0.0185 -0.0168 -0.0206 
 (0.0147) (0.0146) (0.0155) (0.0147) 
September -0.0265* -0.0285* -0.0224 -0.0309** 
 (0.0147) (0.0146) (0.0155) (0.0147) 
October -0.00134 -0.00399 -0.00167 -0.00555 
 (0.0148) (0.0147) (0.0155) (0.0148) 
November -0.0201 -0.0212 -0.0492** -0.0651*** 
 (0.0153) (0.0151) (0.0215) (0.0210) 
constant 0.114 0.0447 0.0931 0.0301 
 (0.142) (0.143) (0.146) (0.146) 
N 7774 8611 7774 8611 
Standard errors in parentheses 
* p< 0.10, ** p< 0.05, *** p< 0.01 
State and time fixed effects coefficients not reported 
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