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Abstract

The United States biofuel mandate might be the largest operating program to
reduce greenhouse gas emissions. This paper uses regulatory information about
abatement and compliance cost estimates to measure the greenhouse gas abatement cost
curve of the mandate. Historical compliance costs per unit of biofuel appear readily
available, yet findings here show that using these data along with observed biofuel
quantities biases biofuel mandate abatement cost estimates upward. Unbiased estimation
requires that related biofuel mandate costs and emissions are estimated along with
associated market effects, including on fuel use, using an economic model. Moreover,
this approach relates greenhouse gas abatement to the implications for crop prices and
land use, taking account of interactions within the crop sector. Results show that the
United States biofuel mandate causes up to 20 million metric tons of carbon dioxide
equivalent abatement for compliance costs that are equivalent to carbon prices ranging up
to $20 per ton, with a large part coming from reductions in petroleum product use as the
mandate encourages substitution to biofuels. Abatement costs are reduced if ethanol is

made at new facilities with fewer emissions or if petroleum output expansion causes

greater emissions than the historical average. Findings also indicate that GHG abatement



via the mandate is initially costly due to the nature of biofuel demand, there can be a
trade-off between corn price increase and GHG reduction, and the increase in total area

planted to crops in the U.S. is less important than the reallocation of land among crops.
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1. Introduction

Greenhouse gas (GHG) emissions play a role in biofuel policy and scientific research.
Previous studies estimate the GHG emissions of biofuels, often taking account of
complications associated with changes in land use [1-11]. As the science regarding
climate change and role of GHG emissions has proceeded, efforts to mitigate those
emissions and lessen the extent of climate change have been considered or even
undertaken. However, the headline agreement struck in Paris in 2015 produced non-
binding commitments and ,as of 2019, the U.S. was not party to the Paris Agreement.
Moreover, legislation that proposed a nationwide GHG cap-and-trade program was
passed by the U.S. House of Representatives in 2009 in the form of HR 2454, but failed
to gain Senate passage. Some observers might mistakenly conclude that the U.S. has no

national policy in place to meet such goals.

Congress passed another program that addressed GHG emissions years before the cap-
and-trade program failed: the Renewable Fuel Standard, or biofuel mandate, was created
in 2005 and then extended and revised by the Energy Independence and Security Act
(EISA) of 2007. The mandates effectively require at least a minimum level of renewable
fuel use in the United States and require growing GHG abatement in two ways [12, 13].
First, the amount of renewable fuel to be blended into the transportation fuel supply was
to increase each year. Second, the mix of qualifying renewable fuels must offer
progressively more reductions in GHG emissions over time. The mandate components

stated or implied eligible volumes of corn starch (conventional) ethanol, advanced biofuel



such as sugar cane ethanol, biomass-based diesel, and cellulosic biofuels, each associated

with a GHG reduction threshold.

Each year, obligated parties charged with meeting the mandate must demonstrate
compliance by showing that there is sufficient renewable fuel use, and the Renewable
Identification Number (RIN) is critical to mandate implementation [12, 13]. Each gallon
of qualifying renewable fuels sold to U.S. drivers is associated with a RIN that reflects
the type of biofuel, such as conventional (D6), advanced (D5), biodiesel (D4), and
cellulosic (D3) as defined immediately above. The EISA provisions envisioned that the
RFS would lower GHG emissions from the transportation sector by roughly 7.5 percent
by 2022, or by about 150 million mtCO2e annually [14, 15], but the requirements have

been waived or reset to lower volumes subsequently.

A minimum use mandate might be set below what would have been used otherwise and
easy to meet (“nonbinding”) or the mandated quantity can be set above what would have
been used otherwise and costly to meet (“binding”) [16]. The costs to meet those
mandates were not expected to be high; early estimates found lower fuel costs for both
ethanol and biodiesel in the range of 4 to 12 cents per gallon, or 1 to 3 cents per liter,
respectively [14]. One reason was the expectation that the price of corn, a key ethanol
feedstock, would remain below $4 per bushel [17], or below $160 per metric ton.
Another reason was that the gasoline use was projected to rise substantially [18]. Because
most cars can utilize E10 — a 10 percent ethanol to 90 percent gasoline mix— without

engine problems and without much loss in fuel economy, ethanol use might have been



expected to be able to reach 15-17 billion gallons (57-64 billion liters) at relatively low
cost given expected fuel use. These expectations might lead one to conclude that the

mandate would be a low-cost method of reducing GHG emissions.

Costs might be higher than anticipated, with implications for policy goals relating to
GHGs. Corn and soybean prices have ranged higher than were projected in 2007, making
biofuel feedstocks more expensive [17, 19]. Fuel use in the U.S. fell well below
expectations as a result of rising fuel economy standards (Figure 1) [15, 18]. The lower
demand for gasoline implies that the E10 blend wall is lower, and this market was

saturated in 2013, it became more expensive to meet mandates for higher renewable fuel
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Figure 1. EIA projections of gasoline demand (2007 vs. 2014 Annual Energy Outlooks).
Source: EIA [15, 18].

RIN prices reflect the costs of meeting the mandate [12]. The price for RINs associated
with conventional ethanol averaged about $0.03 from 2009 through 2012, or about 1% as

large as the Chicago spot price for ethanol, before rising to well over a dollar in 2013,



and over a third of the ethanol spot price, varying in between these extremes from 2014
until at least mid-2018 [21]. These data suggest that the RFS was not difficult to meet and
did not account directly for much of the growth in ethanol up to 2013 and subsequently
became more costly. It is unknown how these observations about the mandate relate to

the GHG abatement cost of this policy.

The marginal abatement cost curve is a mainstay of GHG abatement science and policy.
However, efforts to explore the GHG abatement curve of the U.S. biofuel mandate policy
are few and none take advantage of RIN prices. Studies predate the period when
conventional RIN prices suggest a binding mandate as it relates to ethanol. These and
other studies relating to U.S. biofuels often make no use of RIN data [22-24]. One
possible reason might be the fact that the RIN price relationship to GHG abatement cost
is not so clearly defined as, for example, California’s transportation GHG policy [25], as
later calculations show. Some studies are more speculative, focusing on much-discussed
ethanol feedstocks rather than corn starch ethanol that is ubiquitous in the U.S. [26, 27].
Studies that consider marginal abatement cost curves centered on the experiences in other
countries [28] might not relate to the U.S. case because they might rely on other ethanol
feedstocks more than corn, have a different split between gasoline and diesel in fuel
markets, develop a different policy possibly involving subsidies, or differ in other ways

that affect outcomes.

The RIN price is used here as a means to estimate the GHG marginal abatement cost

curve associated with the U.S. biofuel mandate. The underlying idea is shown



mathematically, then applied using two possible methods developed here. The first
method highlights the implications of calculations using RIN prices observed in the
market directly, without considering the market impacts of the mandates. This calculation
alone seems most tractable, yet is likely to be misleading. Simply assuming the prevailing
RIN prices would apply to all levels of ethanol use and associated abatement ignores the
historical fact that most ethanol use expansion has occurred at much lower RIN prices.
The implication is that a great deal of ethanol might be used even without the mandate in
place or at very low RIN price, at least in the short run. Associating all biofuel use
observed at any time with the full cost of the RFS does not focus on marginal effects and
appears to be far removed from the concept of the abatement cost curve, despite
superficial similarity. The second method uses an economic model to simulate fuel
market and related outcomes at different RIN prices. This second method associates the
biofuel costs associated with different degrees of intervention with the changes in fuel
use. By associating the marginal cost and marginal fuel use effects, an abatement cost
curve associated with the mandate can be traced out. These results link the mandate to its
effects on market quantities, allowing greater specificity about how the mandate causes

lower GHGs and also unintended side effects.

This research is the first of which we are aware to link the mandate compliance costs to
marginal abatement cost curves of GHG reductions using both observed data and more
targeted modeling, as well as tying these reductions to the associated impacts of the

mandate. Calculations based on existing price data show that current price and quantity

data alone can badly misstate the marginal abatement cost curve. This novel finding



makes the case against drawing broad conclusions about the potential for the mandate to
reduce GHGs in general based only on some observed market conditions. A new
approach is introduced that estimates mandate compliance costs and market conditions
for a variety of GHG costs in order to trace out an abatement cost curve. Results indicate
that the GHG reduction is attributable in large part to the potential for larger mandate
compliance costs to give incentives to switch from gasoline to ethanol. Moreover,
additional GHG abatement expansion is initially costly in current market conditions, with
the market for low-ethanol fuels saturated, but substantial expansion potential if the
mandates cause substantial increases in high-ethanol fuels. Results of the simulation
model also allow researchers and decision makers to trace out the links between marginal
GHG abatement via the biofuel mandates and the implications for crop prices and land
use in the U.S. Arguments about climate policy in this or other countries can be informed
by the effectiveness and consequences of the existing federal policy that targets GHG
reduction. For example, as shown here, claims that climate change mitigation policy is or
is not possible can be spurned given that mandates have associated GHG abatement cost
curves. While not an explicit and direct tax on an externality as some neoclassical
economists might choose to advocate, findings here show that this policy has similar
impacts and has an additional characteristic that some might find attractive — namely, that

1t exists.

2. Materials and methods
The cost of GHG reductions achieved through greater biofuel use depends on the costs of

coaxing greater biofuel use relative to the GHG emission reductions achieved. In this



paper, we exploit the RIN price as the key measure of the mandate cost and, hence, the
cost of the associated biofuel. The price of a compliance certificate under a binding
mandate can be taken as the observed cost. This cost estimate equals the per unit RIN

price multiplied by the volume of biofuel to which that RIN applies [12].

The RIN price reflects market factors that affect the difficulty of meeting the RFS [12]. In
the presence of the blend wall, RFS costs rise with further demand expansion requiring
sufficient inducement — a lower retail price — for consumers to opt for fuels with more
than 10% ethanol, although higher prices of competing products with more petroleum
could have much the same effect. Biofuel supplies depend on agricultural commodity
markets that help to determine feedstock prices [29], so RFS costs in the U.S. can rise if

corn yield is low and prices are high.

The following assessment will summarize GHG reduction estimates in recent regulations,
note a corresponding effort to place a value on GHG emission reduction, and then discuss
the ratio of GHG reduction to compliance costs, as measured by RINs, and what drives

this relationship.

2.1 Biofuel GHG emission reduction

The environmental bona fides of biofuels have been questioned for some time now. That
polarizing issue gives rise to new methods for calculating the lifecycle reductions in
GHG emissions afforded by burning biofuels relative to burning fossil fuels [30]. The

GHG reductions of biofuels are fundamental to legislation and a topic of intense research,



with uncertainty of indirect land use change, in particular, leading to wide variations in
estimated impacts [31-35]. Estimates relating to policy making or regulation are used
here: EPA regulatory impact analysis from 2010 [14] and the California Air Resource
Board’s (CARB) calculations underlying the California Low Carbon Fuel Standard
(LCFS) [36]. The European Commission’s calculations for their biofuels mandates
represent another potential source [37], but these values are not used because they do not
relate to laws and regulations in the United States that are more relevant to United States

policy.

Each of those studies specifies the lifecycle GHG abatement offered per gallon of ethanol
or biodiesel used in lieu of gasoline or diesel adjusted for energy content, providing a
range of values (Table 1). The ranges are wide and not consistent across sources even in
terms of direction of effect: a positive abatement for conventional ethanol in [14] means
that a gallon of this biofuel reduces GHG emissions, whereas CARB finds that average
Midwest conventional ethanol can raise GHG emissions if used in California. Taking into
account the volume of biofuels, as measured by 2013-15 average RIN generation, and
multiplying by these indicators of GHG effects gives an approximate estimate of 44
million metric tons (CO2 equivalent) less GHG emitted, mostly due to the gasoline
displaced by the 23 billion gallons (87 billion liters) conventional ethanol used on
average in 2013-15, if using EPA parameters [14], as opposed to a much smaller
reduction using CARB parameters [36]. Some sources dispute these estimates [, 38-40].

In order to reflect the range of potential lifecycle reductions, sensitivity analysis

10



presented later tests if varying assumptions about these GHG emissions affects key

results.

Table 1. Estimates of GHG abatement per liter of biofuel and approximate total GHG
abatement due to overall biofuel use

GHG abatement per unit, Total GHG
gasoline equivalent abatement
Low Medium High 2013-15 average

(kgCO2-e/gasoline equiv. liter) (m.t. CO2-e)
Corn starch (conventional) ethanol
EPA (2010) 0.03 0.63 1.13 22.8
CARB (2016) -0.80 -0.11 0.59 -4.1
Advanced ethanol
EPA (2010) 1.55 1.82 2.12 1.3
CARB (2016) 0.72 0.5
Biodiesel
EPA (2010) 0.73 1.90 2.83 19.7
CARB (2016) 0.76 2.92 19.1
Cellulosic
EPA (2010) 2.69 0.4
CARB (2016) 2.59 0.4

Total annual abatement of transportation fuel GHG emissions
EPA (2010) 44.2
CARB (2016) 15.9
Note: See supplement for more information about conversions from [14] and [36]

to the values given in the first three columns of data here. EPA range is defined
by 5™, 50", and 95" percentile results, where available, for 2022. CARB ranges
are based on a selection of values available at the time of publication. Totals

given in the last column are calculated by multiplying medium per-unit abatement
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estimates from this source times average annual RIN-gallons generated by

category in 2010-2013 from biofuel use and EPA RIN quantity data [19, 41].

The EISA requires that the RFS GHG calculations are calculated by comparing the
lifecycle emissions of biofuels to the emissions of the displaced petroleum product in
2005. The level of the petroleum price matters [42]. The West Texas Intermediate crude
oil price averaged $56 per barrel ($0.35/liter) that year — a level that is only a bit more
than sub-$50 ($0.30) annual averages in 2015 and 2016, but well below the $93-98
($0.59-$0.62) averages of 2011-14 [18] — implying a potentially very different source of
marginal petroleum supplies relative to future conditions. Because biofuel displaces the
marginal units of petroleum first, the source of the marginal unit of petroleum supply is
important for assessing the marginal GHG abatement of biofuels. Similarly, the marginal
source of biofuel can also be relevant. For example, the average GHG reduction from
conventional ethanol reflects the contribution of older, grandfathered facilities that might
not have the latest technology and could fall short of the 20% EISA threshold for GHG
reduction. The marginal unit of ethanol might have more GHG reducing impact if it

comes from a new facility [43].

2.2 Marginal benefits of GHG abatement
The marginal benefits of reducing a metric ton of GHG from the atmosphere are similarly

uncertain and depend on when that abatement activity occurs and what is assumed about

12



the discount rate. Recent literature on the costs and benefits of climate change mitigation

has delved deeply into discount rate discussions [44-46].

This paper uses the social cost of carbon (SCC) that has been used by the federal
government for regulatory impact analyses as a measure of the marginal benefits to GHG
abatement [47]. A range of discount rates is provided in that document, but the central
estimate is given by a 3 percent discount rate. That estimate of SCC uses different
modeling platforms to simulate a number of potential future outcomes. Those simulations
are averaged across the models and across time to generate distributions until 2050. The
average SCC at a 3 percent discount rate in 2020 is $6/mtCO2e, in real terms (2011

dollars), which rises to $10/mtCO2e by 2050 [47].

That implies that an efficient policy in 2020 that put in place abatement measures for
GHG emissions would seek to increase abatement effort up to the point at which the cost
of increasing abatement by an additional 1 metric ton equaled $6 (in real 2011 terms).
The value of reducing emissions increases over time due to assumptions in the models
regarding overall global economic growth. Similarly the value of reducing emissions in
foregone economic damages is not spread equally across regions in the model; the social

costs and benefits are assumed to be global in nature.

In addition to uncertainty around the correct selection of a discount rate to use in valuing
reductions of greenhouse gas emissions, there is uncertainty around the actual benefits

those reductions will generate in foregone economic damage. That uncertainty translates

13



into a large confidence interval around the central estimate (Figure 2). A 90 percent
confidence interval around the average central estimate of approximately $7/mtCO2e for

2030 (in 2011 dollars) would range from approximately $0.50/mtCO2e¢ to $28/mtCO2e

[47].
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Figure 2. SCC cumulative distribution function (3 percent discount rate).
Source: reproduced from EPA regulatory impact analysis [47, Figure C-1, p. 166].
3. Theory and calculation
GHG abatement and cost per unit of GHG reduction can be estimated using data about

biofuel use, RIN prices, and emission factors.

In this case, the GHG emissions of the baseline product and biofuel are taken from
regulatory assessments that reflect the scientific findings available with some adjustments

to try to reflect key relevant factors that might cause average and marginal rates to differ.
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Thus, we rely on the emission reduction factors discussed above (Table 1) as our sources
for the GHG reduction per biofuel type, y;, on a per-unit basis such that

(M =g’ -g"),

where g/ and g are GHG emissions per unit of baseline petroleum product and
renewable fuel that replaces that petroleum product. Overall emission reduction
associated with biofuel use, G, is the sum of emission reductions by biofuel type, or

(2)  G=2Gi= XviF,

where G; is the total GHG emission reduction of each renewable biofuel and F; is the

volume of each type of biofuel used.

RFS costs by renewable fuel type, Ci, can be measured as the product of the RIN price by
type, c¢i, and the corresponding fuel. This relationship is

3) Ci=ciF;i.

The total cost is the sum of RFS components, or

(5) C=>Ci=)ciFi.

The fact that there are multiple measures of emission reductions and costs associated with
the RFS implies different ways to measure the GHG abatement cost of this program. For
example, the cost per unit of GHG abatement from biofuel of type i, 4;, is

(6) Ai=Ci/Gi=ci/vyi.

The cost per unit of biofuel under the RFS relative to the emission reduction per unit of
biofuel used provides sufficient information to gauge per-unit GHG reduction costs for a
fuel. Extrapolating this relationship over all fuel produced raises questions, as noted

below.
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This measure can be complicated when one considers the details of the RFS, not least the
potential for RINs of one type to be used to meet a different component of the mandate.
For example, there have been many years in which extra biodiesel RINs were generated
and then displaced conventional ethanol. Another measure of abatement costs is the
overall abatement cost of the RFS, or

(7) A=C/G=>Y(ciF)/Y(viF).

This broader measure is no longer specific to any one type of biofuel, but can give a

broader indicator of the GHG abatement cost associated with the RFS.

We apply this relationship to historical data and simulated model data to estimate the

GHG abatement costs associated with the RFS.

3.1 Historical data

Data represent historical biofuel use [48]. These data can be multiplied to the GHG
reduction factors (Table 1) to estimate the GHG reductions during this period relative to
the hypothetical case of no biofuel use. The price of the reductions could be estimated

using observed biofuel or RIN price data over recent years.

We argue that using the ethanol and RIN prices represent available but impossible values
for the actual abatement cost curve. If historical RIN price data are used, then the implicit
assumption is that the RIN price explains all biofuel use in the past. This is presumably

false. RIN prices were usually less than $0.05 per gallon ($0.01 per liter) of ethanol,
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equivalent to a small fraction of the price of ethanol, through 2012 [21]. Without the
RFS, the price effects would presumably have amounted to only a small percent of the
going ethanol price and ethanol production and use might have been only somewhat
lower than observed. Moreover, the quantity to use in association with RIN prices is
uncertain. Here, the entire quantity of domestic biofuel use [19] is used, even though that

would further imply that there would be no biofuel use without even a low RIN price.

RINs are an observed measure of the costs of complying with the RFS, but RIN markets
are analogous to any other market. Obligated parties can purchase and blend an eligible
biofuel to earn a RIN, either for their own compliance or for sale, or they can go out into
the marketplace and purchase a RIN from another company. At the end of the year,
obligated parties turn in sufficient RINs to demonstrate compliance with their individual
allocation of the RFS. RINs used must at some point have been generated; RINs
demanded must equal RINs supplied. As noted earlier, RIN prices are expected to reflect
the fundamentals of biofuel markets, including feedstock costs and land availability, and
biofuel demand, including consumer demand for blended fuels, as well as any policies
that can influence supplier or consumer incentives. The RIN prices are also expected to

reflect the volume of biofuels required to meet the mandate.

Likewise, using the price of biofuels as an indicator for GHG abatement cost curve
suggests that the entire value of the biofuel is associated exclusively with GHG

reductions. In reality, biofuel value is also driven by other purposes to which these fuels

17



are put. For example, ethanol derives some value as an octane enhancer in gasoline and
part of its expansion might relate to regulatory changes that discouraged a competing
additive that can be carcinogenic. Falsely attributing the full price of biofuel to GHG

reductions omits the contribution of other uses to the value of these products.

We provide these historical calculations for recent data to outline some very high
boundaries before going on to generate estimates of the RFS GHG emission abatement
costs using an economic model. We use these calculated values to frame our own

estimates.

3.2 Simulation data

We exploit an existing equilibrium model that has been used to assess RFS compliance
costs to draw out the abatement curve of this policy. The model represents supply and
demand of RINs and related markets, including feedstock and biofuel markets. These
structural models represent supply and demand based on economic fundamentals and
prices adjust until the quantities supplied and demanded balance. The methods behind our
cost estimates are not new. The fundamental concept of economic market analysis using
equilibrium models are commonly used tool in applied analysis [49-51], including for
assessing the GHG implications of policy and trade interactions [52]. The model we use
here is an equilibrium model of this type, sometimes called the FAPRI-MU model after
the institute that maintains and operates it, and is documented or presented elsewhere [19,

53-55]. The relevant elements are summarized here.
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This model includes supply, demand, and price-clearing equilibrium conditions for many
agricultural commodities and their products, including biofuels. RIN markets are
represented in a similar fashion as other markets, with supply coming from biofuel use
and carryover RINs from the previous year, demand caused by compliance and desire for
ending stocks to carry out, and complementary slackness conditions that allow a RIN
price to clear the market if the associated mandate is binding. RIN prices drive a wedge
between the prices of petroleum and renewable products that fuel blenders mix and the
retail fuels that consumers buy. This framework has been used to assess market impacts
of the mandates, including of second-generation biofuels [54], EPA waivers [55], and on
petroleum product markets [56]. The version of the economic model used here is based

on a version published in January 2018 [19].

We use this simulation model to trace GHG abatement cost curves using an adjusted
version of this model. Our goal in this study is to estimate the relationship between cost
and GHG abatement in the future. To do so, we replace the conventional (D6) RIN price
that is typically endogenous in the model with an exogenous value. When the model is
solved at this RIN price, the results indicate a cost of GHG reduction and an amount of
GHG reduction using equation 7. We vary this exogenous conventional RIN price from a
very low level to a high level, relative to historical values, and solve the model in each
case. Each solution also generates the reduction in GHG emissions caused by changes in
vehicle fuel use, including feedstock GHG emissions, relative to a starting point of about

1.5 billion mtCO2e [57-58]. By doing so, we generate an abatement cost curve.
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A key consideration is how to handle other RIN prices. In this exercise, we tie all RIN
prices to the conventional RIN price; all RIN prices move alike, after taking into account
differences in energy content. If the conventional RIN price is zero, then advanced (D5)
and biodiesel (D4) RIN prices are also zero, and the cellulosic (D3) RIN price is set equal
to the RIN price plus a credit waiver value applied due to recent implementation patterns.
(In all instances, cellulosic biofuel is expected to remain small and mostly unchanged in
this analysis.) As the conventional RIN price is increased, the other RIN prices rise by

equivalent amounts.

This exercise is effective for tracing out an abatement cost curve, but there are
implications of removing the conventional RIN price from the model. This price would
normally clear the market for these RINs, reflecting the conditions governing the supply
of these RINs (including corn markets as the main feedstock of conventional ethanol and
consumer demands) and the volume required under the RFS. Making this price
exogenous means that volumes of conventional RINs generated are affected by this given
price, without regard to whatever volume is required for RFS compliance. One way to
make practical sense of results would be to characterize the results as the outcome of
hypothetical RFS levels that vary the need for RINs from a low enough level that the RIN

prices are almost zero to very high levels that set RIN prices at a higher level.

3.3 Limitations
There are limitations to our approach. We rely on emission estimates drawn from the

legal text or implementing regulations. However, the actual emissions per unit of biofuel
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are subject to debate, as noted earlier. The historical calculations suggest that the RFS is
responsible for all biofuel use, but this assumption seems untenable given the low prices
of certain RIN types and consequently limited impact of the RFS on certain biofuels
apparent in some years in the past. For example, the conventional RIN price remained
quite low until 2013, suggesting that prices and quantities of corn starch ethanol might

have been about the same if the RFS had not been in place.

As stated earlier in the case with the historical data, however, one should not assume that
there would be no biofuels without the RFS or that GHG emission reductions are the only
source of biofuel value. We calculate the abatement curve from historical data to frame
model-driven estimates, but we go farther when we develop the simulation model results.
In this analysis, we do not assess the RFS in terms of all possible goals or societal
objectives; this experiment is intended to estimate impacts of policies on markets and

GHG emissions.

4. Results and discussion

4.1 Abatement Cost Curves based on historical data

The calculation of GHG reduction associated with biofuel use in the United States from
2012 to 2016 would associate all GHG abatement benefits of biofuels to the policy based
on historical use data. If regulatory emission factors are used, then emissions from
biofuel use in the United States averaged 88 million mtCO2e annually. Conventional
ethanol accounts for the vast majority of this total because of the much higher volumes of

this fuel that are used relative to other biofuels with greater emission reductions per unit.
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In these five years, conventional ethanol GHG reductions amounted to just over 70
million mtCO2e per year. Cellulosic biofuels would offer larger per-unit GHG
abatement, but volumes were small in 2012-2016 [19, 41]. Using the GHG reduction
thresholds set by legislation results in lower GHG emissions, but the changes tend to be

modest relative to using EPA estimates of GHG reductions.

The abatement cost curve crudely sketched from historical data would depend critically
on how the GHG abatement cost is calculated from available price data and how the price
is paired with the reduction quantities (Table 2). In any case, these calculations imply
costly GHG reduction. The overall costs are approximately one fourth as high if assessed
using the RIN prices as compared to using biofuel prices. The biofuel prices, which
should reflect the usefulness of these fuels to drivers as well as any other include source
of value, are much higher than RIN prices that relate directly to RFS costs. As stressed
below, assessing biofuel mandate GHG reduction costs by multiplying either of these
numbers to all biofuel production or use is accurate only if there would be no biofuel use
without the mandate. Nevertheless, these historical ratios could suggest some observers’
very high per-unit GHG reduction costs from biofuels. Estimates are over $100 if using
RIN prices or many times higher if using biofuel prices, albeit in a way that almost

certainly overstates the costs.
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Table 2. GHG abatement cost calculations from historical data, averages 2013-2016, if all
United States biofuel use is attributed incorrectly to the RFS.

Biofuel price RIN price
EPA RFS EPA RFS

GHG abatement as the product of historical quantities and
EPA [12] or RFS estimates of emissions per unit, million mtCO2-e

Biomass-based diesel RIN 12 11 12 11
Cellulosic RIN, with waiver 1 1 1 1
Advanced RIN 2 2 2 2
Conventional RIN 72 71 72 71
Total 88 85 88 85

Calculated cost as the product of biofuel or RIN price and
related historical quantities, USD million

Biomass-based diesel RIN 6,275 6,275 2,081 2,081
Cellulosic RIN, with waiver 216 216 118 118
Advanced RIN 753 753 194 194
Conventional RIN 28,041 28,041 7,029 7,029
Total 35,285 35,285 9,422 9,422

Per GHG abatement cost, dividing cost by amount, USD per ton

Biomass-based diesel RIN 502 573 167 190
Cellulosic RIN, with waiver 320 409 175 223
Advanced RIN 312 347 80 89
Conventional RIN 389 395 98 99
Overall 403 417 108 111

Notes: Historical biofuel use [19, 41], biofuel prices [21], and RIN prices [21] are used
along with RFS thresholds for GHG reduction or EPA [14] estimates of GHG reductions
to estimate the total abatement and biofuel costs. As noted in the text, this direct approach
based on available data incorrectly attributes all biofuel use to the RFS and all RFS costs
to GHG abatement.

Source: authors’ calculations.

This is necessarily an upper bound on the total costs. As emphasized before and
discussed more later, treating all biofuel production and use in the U.S. as though a

consequence of the RFS, instead of recognizing that the RFS alone does not drive biofuel

markets, overstates the impact of this policy on GHG and consequently under-estimates
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the GHG abatement cost curve. In reality, as shown below, biofuel prices are not a good
proxy for measuring GHG cost because doing so incorrectly attributes all the price of
these fuels to GHG reduction alone, disregarding their value to drivers for transportation,
any other environmental net benefits, and other utility derived from these goods. The cost
per unit based on historical RIN prices over-estimates abatement cost and GHG reduction
accomplishment, in that actual GHG reduction from the mandate is less than total GHG

reduction from total biofuel use.

Historical data used for calculations is necessarily impaired by incorrectly associating all
GHG reductions or even all costs to the abatement cost curve. This problem can be
avoided using a simulation model. Moreover, the forward-looking model we use here
prevents an assessment that depends on historical market conditions, such as the period of
time when the E10 market was not saturated, and so results presented below are more

relevant to the market conditions as of late 2018.

4.2 Simulated abatement costs taking RFS into account

Simulation model results trace out GHG abatement cost curves from biofuels under the
RFS. By using a model of biofuel markets, biofuel feedstock markets, and related
agricultural commodity markets, these cost curves will reflect interactions from biofuel
market quantities to area, yield, livestock product markets, and other agricultural
commodity uses. This approach allows a forward-looking assessment that focuses on the
impacts of the RFS on emissions, in contrast to the alternative approach that uses

historical data on total biofuel use.

24



The GHG abatement cost curve simulated here shows the incremental impacts of a rising
GHG abatement cost implied by rising costs associated with increasing biofuel use under
the RFS. The starting point is not zero biofuel at zero RIN price; the origin is zero RIN
price and a level of biofuel use that could be present if the RFS were discontinued
without replacement. In contrast to the calculations based on historical data, the
simulation results attribute to the RFS only the increase in biofuel use that it causes — and

this biofuel use increase is estimated to be nil if the RIN price is zero.

RIN prices rising from zero are associated with greater abatement given EPA estimates of
the 2022 GHG impacts (Figure 3). An increasingly binding mandate and correspondingly
higher RIN price will induce greater use of biofuels in the U.S. Qualifying biofuels are
judged by regulators to meet GHG reduction thresholds relative to the petroleum products
they displace. The total costs of RFS compliance, estimated as the product of RIN prices
and RIN quantities, is divided by GHG emission reductions to generate the abatement

cost curve (Figure 4).

The shape of this relationship might not be anticipated. First, for the ranges of volumes
tested, the curve is fairly flat after a steep start-up phase. This flat portion should not be
assumed to extend if extrapolating to higher GHG prices, but likely reflects the fact that
biofuels account for a small part of total United States fuel markets for the ranges of all
RIN values tested here. If RIN prices persist at high levels compared to past values, then

barriers to biofuel use expansion beyond levels observed up to 2019 could erode over

25



time and more petroleum products could be displaced. This displacement would have to
be quite large before potential for additional biofuels, such as more ethanol in high blend

fuels is exhausted, given a high enough RIN price.

RIN price, dollars per RIN - gallon
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Figure 3. Estimated GHG emission reduction associated with the GHG reductions
achieved via the RFS.

Source: authors’ calculations.
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Figure 4. Estimated marginal GHG abatement cost curve associated with the RFS.

Source: authors’ calculations.
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The social cost estimates shown earlier (Figure 2) can be related to the estimated
relationship between RIN prices and GHG abatement costs generated here (Figures 4 and
5). Based on the SCC estimates given above, the $7 mean estimated social value of GHG
reduction corresponds to a conventional RIN price of $0.64 per RIN-gallon ($0.17 per
liter) That is to say, a RIN price at this level would cause GHG reductions and RFS costs
that correspond to the SCC of GHGs. D6 RIN values in early 2018 were within this
range, but ended the year and spent most of 2019 at a third of this value or less. However,
the RFS is not solely intended for GHG reductions, so it does not necessarily deliver
least-cost levels of carbon abatement based on RIN values. It is not a marginal benefits
curve in the traditional sense, so we cannot say whether or not the RFS is leading to a

socially optimal level of GHG abatement based only on this mapping.

The aggregate, net effect (Figures 4) can be decomposed to show the GHG contributions
from fuels use changes (Figure 5). Doing so allows us to see how biofuel use expands,
particularly conventional ethanol for the ranges explored here. Rising conventional
ethanol and other biofuel use would, alone, cause greater emissions. The GHG reduction
comes about because biofuels replace petroleum product use, albeit not at a one-to-one
rate. The costs of meeting the RFS are passed on to final consumers of petroleum
products in this analysis, so total fuel use is reduced relative to the case without a binding
mandate. Those costs cross-subsidize biofuel use, lowering retail prices for products with
more biofuels. These cross-effects motivate consumers to switch to the lower GHG-

emitting biofuels.
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Figure 5. Simulated decomposition of GHG changes by fuel type.

Source: authors’ calculations.

We also use model output to trace out the implications for corn price and land use in the
United States. These results can be related to food-versus-fuel or indirect land use
debates. The rising RIN price that drives GHG reductions also tends to cause higher corn
prices (Figure 6, panel A). With a more binding mandate, there is more demand for corn
and other biofuel feedstocks, putting upward pressure on many crop and crop product
prices. Here, the implication of rising GHG reductions through biofuels on land are
traced given other factors or drivers, such as income-driven growth in crop demands or
alternative uses of crop land. The economic relationships are constant, but not the
specific non-biofuel crop demand quantities or amount land allocated to other uses; the
economic model represents how the higher RIN price affects other prices and human and
firm decisions, so other quantities and land uses adjust automatically. As an increase in
RIN price causes greater GHG reductions (shown above), the RIN price encourages more
biofuel use and production, affecting returns to crop land use relative to what would

happen if the RIN price were zero, as shown here.

28



Rising demand for biofuel feedstocks also affects land use (Figure 6, panels B and C).
The results relate corn and crop land uses (y-axes) and GHG reductions (x-axis), taking
into account the impacts of mandates via economic responses in feedstock demands and
markets, and crop and related agricultural commodity markets. An increasing mandate
with its rising RIN price and higher corn price causes more land to be planted to corn
relative to the case of no mandate or a mandate set below the amount of biofuel that
would have been used anyway. The increase in corn area is mostly explained by
displacement of other crops, as total United States crop area is not very responsive (note
that the scales of land area start at different levels for panels B and C, but both range over
5 million hectares). This reallocation of largely fixed land among crops is one reason why
the impact of more biofuels directly on corn or other crop prices tends to spill over onto
prices of other crops. At the same time, the lack of domestic indirect land use effects in
terms of total planted area help to explain the GHG reductions that the EPA [14]

estimates.
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Figure 6. Corn price and crop area associated with GHG abatement via the U.S. biofuel
mandate.

Source: authors’ calculations.

4.3 Sensitivity to alternative emission factors

These results reflect in part how the mandates are legally defined and implemented. Even
given these decisions, the exact magnitude of GHG reductions are unclear. For example,
recent evidence suggests that conventional ethanol reduces GHG emissions by a greater
amount relative to gasoline in the base period than initially believed [43]. Moreover, the
use of 2005 as the base period for defining petroleum product emissions can overlook the
potential for ethanol to displace marginal petroleum products that could have higher
emissions. This risk might be particularly important if a high petroleum price leads to
developing new supplies of the product that entail greater emissions relative to the 2005

base.

Sensitivity analysis is conducted assuming that conventional biofuel is more effective at
reducing GHGs by altering the GHG abatement rates. The fixed 2005 base reference

petroleum product emissions is adjusted in the event petroleum price rises with more
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petroleum drawn from high-emission sources. In this analysis, the GHG reduction of
conventional ethanol is increased from 21% to 43% [43] and the emissions of marginal

petroleum are increased by 25%.

Results suggest that the abatement cost curve is sensitive to these factors. Relative to the
original results, the alternative results show that abatement curves shifts out if added
conventional ethanol is from new facilities that emit fewer GHGs and a higher petroleum
price that leads to increased GHGs from petroleum extraction. In this case, each
incremental increase in the RIN price delivers greater GHG reduction by replacing higher
emitting petroleum with lower emitting ethanol, at the margin. The cost per unit of GHG
reduction is 26-50% lower than in the original results and the emission effect at each
price point is 34-37% greater over the tested range (Figure 7). Although the overall shape
is unchanged, rising marginal emissions from petroleum products or falling marginal
emissions from ethanol facilities lead to an outward shift in the abatement cost curve

associated with the RFS.

31



,_.
N
=)

= 1.20
=
5
é 1.00
B
2.0.80
%; 0.60 e Alternative factors
< ® EPA (2010)
9
5 0.40
é 0.20

0.00

0 5 10 15 20 25 30
GHG reduction associated with biofuels, million metric tons CO2e
25

20

15

o Alternative factors
e EPA (2010)

10

Implied GHG price, dollars per metric ton

0 5 10 15 20 25 30
GHG reduction associated with biofuels, million metric tons CO2e
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Source: authors’ calculations.

4.3 Practical implications of the study

RINSs, because they are tradeable and required for RFS compliance, are key measures of
RFS costs that have not been used to derive GHG abatement cost curves associated with
the RFS. GHG abatement costs of the biofuel use mandate are estimated using two
methods. First, GHG emission reductions associated with regulatory processes that

implement the biofuel mandate historically are used to derive one set of estimates.
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Second, simulated RIN market data are used to estimate total GHG abatement costs on
the basis of RFS compliance costs. Historical RIN and biofuel data, however, present
obstacles to a straightforward approach: they do not measure how the RFS changes
biofuel use; and those data span historical periods that might not relate to future
conditions, such as waived mandates and the blend wall. To overcome these obstacles,
GHG cost estimates are generated from an economic model that represents markets for
biofuel and RINs, as well as biofuel feedstocks and related goods, in the context of
anticipated policy and market conditions. There are other challenges, such as the absence
of a universally accepted and globally accurate set of GHG reduction coefficients. While
factors set by regulators are the most relevant values for policy makers, sensitivity
analysis tests if results change substantially given new factors. For example, additional
conventional ethanol from new facilities can generate fewer GHG emissions and biofuels
might tend to displace petroleum from high-emitting production processes, not the 2005

base period average, if petroleum price is high.

Results trace out abatement cost curves that relate the cost per unit of GHG reduction
(working through the RIN price) to the GHG reduction achieved using the RFS. Because
the RFS is neither carbon tax nor cap-and-trade, certain theoretical requirements might
not hold. In practice, the curve starts steeply, but can flatten out if RIN prices persist at
levels above past averages and consequently encourage biofuel use expansion beyond its
current limits. This pattern relates to the assumption that the RIN price would have to rise

in order to coax significant expansion in the use of fuels with more than 10% ethanol, and
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this expansion could continue for a wide range of RIN prices in the short-run without

saturating the fuel market.

5. Conclusions

The U.S. House of Representatives developed a GHG cap-and-trade program that failed
ever to become law, but the country has had a GHG-limiting policy that has affected fuel
markets for more than a decade. Setting aside for a moment the widely publicized food-
versus-fuel debate and other considerations, such as energy security or rural economic
development, we focus on the connection from fuel to climate change mitigation caused

by the U.S. RFS, or biofuel mandate.

The novelty of this study is to develop a relationship between RIN prices and abatement
cost and apply this method to historical data and economic simulations. The results
estimate GHG abatement cost curves associated with the biofuel mandate. Results show
that historical data alone over-estimate the GHG abatement costs by mistakenly
associating the RIN price to all levels of biofuel use, even though there would be some
use even without a mandate. This finding warns scientists and decision makers that
simple and direct calculations based on historically observed RIN prices and biofuel
quantities can generate upwardly biased estimates of the cost of GHG abatement of the

biofuel mandates.
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This new approach allows mapping a specific SCC estimate to a range of corresponding
RIN prices. This part of the RIN value might arguably be justified as delivering a
reduction in GHG emissions at the given estimated cost of GHGs to society. RIN prices
in 2018 were near the mean estimate of the SCC of GHGs, but fell at the end of 2018 to
substantially lower levels. However, this is not enough information to say whether, or
not, the RFS leads to socially optimal or least-cost GHG abatement, and this calculation
does not relate to the other possible benefits or costs of the RFS, such as on energy
independence, food security and land use (discussed next), or other potentially important

indicators of societal well-being.

Policy makers wrote into the biofuel mandates provisions to meet GHG reduction targets
and additional provisions to mitigate the food price increases and land use change they
cause. Here, the economic model traces how the mandate relates not only to GHG
reductions and fuel market effects, but also to feedstock markets. Estimated outcomes
relate GHG mitigation to food-versus-fuel or indirect land use debates. Corn is the
primary ethanol feedstock in the U.S. The range of the GHG abatement caused by
increasingly binding RFS explored here is associated with a 14% increase in the corn
price at most. This effect spills over to other crop and crop markets and eventually to
consumers. For elected officials and others who judge the trade-offs of policy options, a
food-versus-mitigation question could be phrased to ask if this price effect, measured at

the commodity level, is worth paying for the GHG reduction it achieves.
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As regards the risk of biofuel mandates causing large increases in U.S. crop lands, the
estimated land use change effects might look large if assessed in terms of corn area. The
results show how a greater push to reduce GHGs by expanding the mandate map to rising
corn land to meet this goal, taking into account other demands as well. Greater corn land
use is mostly met by reallocating rather than expanding overall crop lands; total US crop
area is fairly unresponsive to price changes of this scale so overall area effects are
modest. Consequently, as regards area planted to crops in the U.S., the estimated indirect
land use change for these ranges in GHG reductions achieved through the biofuel

mandate appears modest.

The legal text and implementing language of the RFS state the GHG reductions from
biofuels, the RIN prices indicate costs of RFS compliance, and the combination gives
GHG abatement cost by means of the biofuel mandates. In contrast, the U.S. has no
federal policy that targets GHG emissions exclusively; the RFS is the main existing U.S.
policy that actually does reduce GHG emissions. The new method presented here to
relate observed and simulated RIN prices to the GHG abatement costs provides
information about an actual policy that is having an impact, as well as assess related goals

of the underlying policy that relate to food security and land use.
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