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H I G H L I G H T S
� Low-carbon fuels partially displace petroleum via fuel market rebound effect.

� Synthesis of recent analyses shows incomplete petroleum displacement by biofuels.
� Fuel market rebound effect can reduce or reverse climate benefit of low-carbon fuels.
� Fossil fuel displacement must exceed relative carbon footprint of a low-carbon fuel.
� The Renewable Fuel Standard increases greenhouse gas emissions when mandate is met.
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a b s t r a c t

A common strategy for reducing greenhouse gas (GHG) emissions from energy use is to increase the
supply of low-carbon alternatives. However, increasing supply tends to lower energy prices, which en-
courages additional fuel consumption. This “fuel market rebound effect” can undermine climate change
mitigation strategies, even to the point where efforts to reduce GHG emissions by increasing the supply
of low-carbon fuels may actually result in increased GHG emissions. Here, we explore how policies that
encourage the production of low-carbon fuels may result in increased GHG emissions because the re-
sulting increase in energy use overwhelms the benefits of reduced carbon intensity. We describe how
climate change mitigation strategies should follow a simple rule: a low-carbon fuel with a carbon in-
tensity of X% that of a fossil fuel must displace at least X% of that fossil fuel to reduce overall GHG
emissions. We apply this rule to the United States Renewable Fuel Standard (RFS2). We show that absent
consideration of the fuel market rebound effect, RFS2 appears to reduce GHG emissions, but once the fuel
market rebound effect is factored in, RFS2 actually increases GHG emissions when all fuel GHG intensity
targets are met.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

RFS2 requires increasing biofuel production, up to 36 billion
gallons annually by 2022 (Table S1). It defines four biofuel cate-
gories—conventional biofuel, advanced biofuel, cellulosic biofuel,
and biomass-based diesel—each of which must have a GHG
emission intensity of no more than 80, 50, 40, and 50%, respec-
tively, compared to that of the petroleum-based fuel for which it
may substitute. In this paper, we consider the first three of these
biofuels, all of which primarily substitute for gasoline. Together,
these total 35 billion gallons, or 23 billion gasoline-equivalent
gallons, in 2022. (Ethanol is approximately two-thirds as energy
Ltd. This is an open access article u
dense as gasoline.) Our analysis covers 96% of total RFS2 2006–
2022 volumes, exclusive of biomass-based diesel.
2. Methods

To estimate the net GHG emissions associated with increased
low-carbon fuel production, two key variables must be con-
sidered: the amount of fossil fuel that a low-carbon fuel displaces
and the life cycle carbon intensities of these fuels. Supplying more
low-carbon fuel results in additional GHG emissions. However, this
additional supply may displace some amount of fossil fuel. Clearly,
if the displacement of fossil fuel by low-carbon fuel is one-for-one,
the savings in GHG emissions is equal to the reduction in carbon
intensity. (For example, assuming full displacement, a low-carbon
fuel with a GHG intensity 20% lower than that of a fossil fuel will
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Cumulative change in GHG emissions by biofuels qualifying for the Re-
newable Fuels Standard (RFS2).
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reduce GHG emissions by 20%.) If, on the other hand, there is no
displacement, then GHG emissions increase by the amount of GHG
emissions from the additional supply of low-carbon fuel. In gen-
eral, increasing the supply of low-carbon fuel only partially dis-
places fossil fuel. This results in lower GHG emissions only when
the savings from the reduction in carbon intensity outweighs the
increase in GHG emissions from additional fuel use.

The amount of fossil fuel displaced by a low-carbon fuel is
determined by the economic forces of supply and demand. In
general, an increase in fuel supply causes a decrease in fuel prices,
which in turn encourages greater fuel consumption. A growing
literature analyzes the effects of biofuel production on domestic
and international fuel markets (Bento and Klotz, 2014; Bento et al.,
2015; Chen and Khanna, 2012; de Gorter and Drabik, 2011; de
Gorter et al., 2015; Drabik and de Gorter, 2011; Grafton et al., 2012;
Grafton et al., 2014; Hochman et al., 2010, 2011; Rajagopal et al.,
2011; Rajagopal, 2013; Rajagopal and Plevin, 2013; Smeets et al.,
2014; Stoft, 2010; Thompson et al., 2011). Our survey of these
studies finds that biofuel production results in only a partial dis-
placement of gasoline on an energy-equivalent basis, thereby in-
creasing global energy use. Estimates of the amount of gasoline
displaced globally by production of an energy-equivalent gallon of
biofuel under a mandate policy such as RFS2 vary, with a majority
falling under 0.50 gallons. Both empirical and theoretical as-
sumptions drive this variation. Empirical assumptions differ on
parameter values such as the elasticity of demand, supply, and
substitution. Theoretical assumptions differ on the underlying
modeling frameworks, fuel market structure, disaggregation of
petroleum products, and concurrent biofuel policies. In this ana-
lysis, we select a conservative gasoline displacement rate of 0.50,
allowing for a high level of displacement of gasoline by biofuels
under a mandate policy.

The carbon intensity of low-carbon fuels relative to fossil fuels
is determined using life cycle assessment, which, in EPA's final rule
for RFS2, considers both supply chain and land-use change effects,
including the cycling of biogenic carbon (U.S. Environmental Pro-
tection Agency, 2010). In this analysis, we use the mandated
maximum life cycle carbon intensities of RFS2 biofuels, which are
80% (conventional biofuels), 40% (cellulosic biofuels), and 50%
(advanced biofuels) that of gasoline. The life cycle carbon intensity
of gasoline is estimated at 25 pounds of CO2 equivalent GHG
emissions per gallon.

We calculate total GHG emissions from RFS2 both with and
without consideration of the fuel market rebound effect. RFS2
mandated biofuel volumes for 2006–2022 (Table S1) are converted
to gasoline energy-equivalent volumes. We compare annual GHG
emissions where mandated volumes are met by biofuels to annual
GHG emissions where mandated volumes are met by gasoline.
Estimates of total RFS2 GHG emissions without consideration of
the fuel market rebound effect are calculated as the difference
between these two assuming complete gasoline displacement.
Estimates of total RFS2 GHG emissions with consideration of the
fuel market rebound effect are calculated as the difference be-
tween these two assuming 50% gasoline displacement.
3. Results

Assuming that each gasoline-equivalent gallon of biofuel pro-
duced meets the GHG emissions intensity standard and reduces
the production of gasoline by one gallon (that is, no fuel market
rebound effect), RFS2 would reduce GHG emissions by 110 million
metric tons (CO2 equivalent) in 2022, and by 749 million metric
tons cumulatively from 2006 to 2022 (Fig. 1) (Tables S2 and S3.)
This is the interpretation taken by EPA in its final rule, which es-
timates a reduction in GHG emissions of 133 million metric tons in
2022, due in part to projections that some fuels will exceed
minimum GHG reduction standards, with a statutory provision
exempting biofuel produced at certain older facilities from RFS2's
GHG emissions reduction requirements (U.S. Environmental Pro-
tection Agency, 2010).

In reality, substantially less than 23 billion gallons of gasoline
will be displaced from biofuel production in 2022 due to the fuel
market rebound effect. As previously described, a conservative
assumption from our survey of recent literature is that only
0.5 gallons of gasoline are displaced per gasoline-equivalent gallon
of biofuel produced. Taking this fuel market rebound effect into
account and assuming the biofuels in RFS2 achieve their targeted
GHG emissions reductions in all years, RFS2 actually leads to a net
increase in GHG emissions of 22 million metric tons in 2022, and
of 431 million metric tons cumulatively from 2006 to 2022 (Fig. 1).
In sum, this mandate for the production of less GHG intense fuels
actually increases net GHG emissions to the atmosphere relative to
no action due to the low amounts of gasoline being displaced. In
other words, RFS2 increases GHG emissions instead of reducing
them when individual fuel GHG reduction targets are met.

Given the 50% displacement of gasoline, the use of conven-
tional biofuel, which is almost all corn ethanol, increases net GHG
emissions even with a 20% lower carbon footprint than gasoline.
The use of advanced biofuels with a carbon intensity 50% that of
gasoline generates no net change in GHG emissions. Only the use
of cellulosic biofuels with a carbon intensity 60% lower than that of
gasoline reduces net GHG emissions. A net increase in GHG
emissions would also result from RFS2 as it has been implemented
to date, with EPA waiving large volumes of those biofuels with the
lowest carbon intensities. All else equal, requiring that biofuels
have a reduction in carbon intensity greater than 50% compared to
gasoline would result in climate change mitigation. More gen-
erally, a low-carbon fuel with a carbon intensity of X% that of a
fossil fuel must displace at least X% of that fossil fuel to reduce
overall GHG emissions. A basic sensitivity analysis of the fuel
market rebound effect shows that for displacement rates of 0.33 or
0.66, the net GHG emissions are 824 or 38 million metric tons,
respectively, cumulatively from 2006 to 2022. Should all man-
dated volumes be met, the break even zero net GHG emissions
displacement rate is 0.68, which is substantially higher than the
range of estimates found in our literature review.
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4. Conclusion and policy implications

Here, we have focused on the fuel market rebound effect, but
there are also other effects, such as those from indirect land-use
change, that contribute to overall GHG emissions (Tilman et al.,
2009). Indirect land-use change effects arise when increased de-
mand for crops leads to cropland expansion that results in GHG
emissions. As a result, it is unclear whether some biofuels, in
particular corn ethanol, actually reduce GHG emissions, even ab-
sent consideration of the fuel market rebound effect (National
Research Council, 2011). Our work therefore emphasizes the need
for engineers and economists to collaborate on strategies to ensure
the success of climate change mitigation policies: engineers with
their expertise in quantifying supply chain GHG emissions through
the use of life cycle assessment and economists with their
knowledge of market effects and policy analysis (Bento and Klotz,
2014; Erickson and Lazarus, 2014).

Our results reinforce what has been long known by econo-
mists: the best way to reduce pollution is by imposing a tax on
pollution-causing activities (Pigou, 1920). Taxes on pollution are
preferable to mandates for additional fuel, even low-carbon fuels,
because this allows market effects to work in the right direction,
namely by increasing the price of pollution-causing activities,
which decreases demand, rather than the wrong direction by
lowering fuel prices and increasing demand. However, politics
often stands in the way of good policy. Mandates are more poli-
tically palatable than taxes because mandates offer concentrated
benefits to a small group of low-carbon fuel suppliers in the short
term, while taxes require concentrated costs and offer diffuse
benefits to society over the long term. In the case of biofuels,
mandates are unlikely to reduce GHG emissions unless there is a
radical breakthrough in technology that greatly lowers their car-
bon intensity. Until then, carbon taxes or a carbon cap-and-trade
scheme present a more immediate option for reducing GHG
emissions.
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