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BIOFUELS FOR ALL? UNDERSTANDING THE GLOBAL IMPACTS
OF MULTINATIONAL MANDATES

Thomas W. Hertel, Wallace E. Tyner and Dileep K. Birur

Abstract

The recent rise in world oil prices, coupled with heightened interest in the abatement
of greenhouse gas emissions, led to a sharp increase in biofuels production around the world.
Previous authors have devoted considerable attention to the impacts of these policies on a
country-by-country basis. However, there are also strong interactions among these programs,
as they compete in world markets for feedstocks and ultimately for a limited supply of global
land. In this paper, we offer the first global assessment of these multinational biofuel
programs — focusing particularly on the EU and US. We begin with an historical analysis of
the period 2001-2006, which also permits us to validate the model. We then conduct an ex
ante analysis of mandates in the year 2015 We find that, if these mandates are indeed fulfilled,
the impact on global land use would be substantial, with potentially significant implications
for greenhouse gas emissions.
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BIOFUELS FOR ALL? UNDERSTANDING THE GLOBAL IMPACTS OF
MULTINATIONAL MANDATES

Thomas W. Hertel, Wallace E. Tyner and Dileep K. Birur

1. Introduction

The recent rise in world oil prices, coupled with heightened interest in the abatement
of greenhouse gas emissions and concerns about energy security, has led to a sharp increase in
biofuels production and related policy measures. Biofuel mandates in the United States (US)
and the European Union (EU) have commanded the most interest. Studies of the impacts of
the US biofuel industry generally have concluded that large programs such as those included
in the “Energy Independence and Security Act of 2007” would lead to food price increases,
use of a large fraction of US corn for ethanol, and bring about a consequent decline of corn
use for domestic feed and industrial uses and exports (Tokgoz, S. et al, 2007; Tyner and
Taheripour, 2007). Studies of the EU have concluded that the EU biofuel directive’s 2010
target will not likely be reached. However, they suggest that, in attempting to achieve these
targets, there will be an enormous increase in demand for biofuel feedstocks and a
substantially larger agricultural trade deficit (Banse et al. 2008; Tokgoz et al. 2007). Other
studies (McCarl et al. 2005; Fargione et al. 2008; Searchinger et al. 2008) have examined the
Greenhouse Gas Emissions (GHG) impacts of land use change due to biofuels programs, and
there is currently a hot debate on that topic.

These studies have typically examined the impacts of biofuels policies for one region;
e.g., US or EU. However, biofuels compete in world markets for feedstocks and ultimately
for a limited supply of global land. This is particularly important in the case of the US and

EU, since both regions are big players in international agricultural trade. The biofuel mandates



in these two regions are anticipated to have a large impact on imports as well as exports, so it
is important to consider how the two sets of policies are likely to interact through global
markets. Which of these policies will have a greater impact on global land use? What impact
will these combined policies have on third countries — particularly trade and land use impacts
in the developing world? In this paper we explore these issues for both EU and US policies
with an emphasis on production, trade, and land-use changes.

After a brief review of biofuel policies in the US and EU, we discuss our methodology
for analyzing their interaction in global markets. This involves a specially designed global
trade model which places at its center the emerging biofuels sectors, carefully developing
their links to the energy and agriculture economies. Since biofuel feedstocks compete for land
with other agriculture and forestry uses, we also pay special attention to land markets. Indeed,
the indirect land use impacts of biofuel policies are at the heart of the current debate over their
potential contributions to Greenhouse Gas (GHG) mitigation (Fargione et al. 2008,
Searchinger et al. 2008).

One important feature of the model and data used for this analysis that is not in
previous work (including our own) is the incorporation of by-products directly into the GTAP
Computable General Equilibrium (CGE) model of global trade. That is, in the US, the main
by-product of producing ethanol from corn is distillers dried grains with solubles (DDGS).
This by-product is used as an animal feed. Previous work did not explicitly model the DDGS,
but that has been remedied in this analysis. DDGS has been added as a co-product with
ethanol, and it is substitutes for corn and other feedstuffs in animal feeds in the model.
Similarly, the meal co-products with vegetable oils have been added. Price, production, and

land use impacts are substantially reduced compared to the analysis without considering by-



products.

One of the most important criticisms of CGE analysis is the limited validation of these
models against historical data. In order to address this concern in our present paper, we begin
by validating our model over the historical period: 2001-2006. This was a period of extremely
rapid growth in biofuels production in both the EU and the US, and it offers an interesting
“proving ground” for the model. We also use this historical simulation to estimate the critical
elasticity of substitution between biofuels and petroleum products. This is an important and
novel aspect of the present paper. Following this ex post analysis, we move on to an ex ante
analysis of future biofuel mandates in these two regions. Our focus is particularly on the
interplay between the two sets of policies, and their impacts on third countries. The paper
concludes with a summary of the major findings as well as a discussion of the limitations of

our current work and directions for future research in this area.

2. Policy Background

US Programs: Interest in liquid biofuels initially came about in the late 1970s as
OPEC reduced crude oil supplies on the world market and fuel prices increased substantially.
Both the US and Brazil launched subsidized ethanol programs during this period. Until 2006,
Brazil was the global leader in ethanol production — in large part due to the relatively greater
efficiency of sugar cane-based ethanol conversion. However, as a result of government
policies and higher oil prices, ethanol production in the US has recently surged, and it now
exceeds that in Brazil. Subsidization of ethanol in the US began with the Energy Policy Act of
1978. At the time, the main arguments that were used to justify the subsidy were enhanced

farm income and, to a lesser extent, energy security. In 1990, the Clean Air Act was passed,



which required vendors of gasoline to have a minimum oxygen percentage in their product.
Adding oxygen enables the fuel to burn cleaner, so a cleaner environment became another
important justification for ethanol subsidies. By requiring the oil industry to meet an oxygen
percentage standard instead of a direct clean air standard, the policy favored additives like
ethanol that contain a high percentage of oxygen by weight. However, methyl tertiary butyl
ether (MTBE), a competitor for oxygenation, was generally cheaper than ethanol, so it
continued to be the favored way of meeting the oxygen requirements.

The growth in MTBE use was short-lived, as it began to crop up in water supplies in
several regions in the country. Since MTBE is highly toxic, it was gradually banned on a
state-by-state basis.  That left ethanol as the major source of added oxygen, and this
contributed to ethanol selling at a significant premium, relative to gasoline. Indeed, ethanol
prices peaked at $3.58/gallon in June, 2006, shortly after the MTBE ban was complete.
Much, but not all, of this huge price increase was due to this change in rules and legal
liability. Since that time, the price of ethanol has been falling, relative to gasoline, as the
demand for ethanol as an additive has become satiated.’ During the 20 years between 1983
and 2003 the US ethanol subsidy varied between 40 and 60 cents per gallon. In 2008 it is 51
cents per gallon, which is equivalent to 75 cents per gallon of gasoline on an energy basis.
This subsidy, together with oil in the $10 to $30 range, was sufficient to permit steady growth
in ethanol production from about 430 million gallons (1625 mil. 1.) in 1984 to about 3.4
billion gallons (12.85 bil.l.) in 2004. In other words, production grew by about 149 million
gallons (563 mil. 1.) per year over this period. In 2004, the crude oil price began a steep climb

to over $100/bbl.. This rapid increase in the crude price, together with an exogenously fixed



ethanol subsidy, led to a tremendous boom in the construction of ethanol plants. As the
Renewable Fuels Association (2008) reports, at the beginning of 2000, there were only 54
ethanol plants with a production capacity of 1.7 billion gallons per year ( 6.4 bil.I). However,
by November of 2008, this had expanded to 177 plants with a total capacity of 10.9 billion
gallons (41.2 bil.l). Ethanol production in 2007 was about 6.5 billion gallons (24.6 bil.l), and
the production capacity likely will surpass 13 billion gallons (49 bil.l) in 2009. This is not far
short of the 15 billion gallons (57 bil.l) of corn-based ethanol mandated under the Energy
Independence and Security Act of 2007. It has been the combination of high oil prices, a shift
in the demand for ethanol as a fuel additive, and a subsidy that was keyed to $20 oil that led to
this boom in US ethanol production. In the historical analysis below, we will offer a
decomposition of the relative contribution of each of these factors in overall ethanol
expansion.

EU Policies: The European Union Biofuels Directive requires that member states must
realize a 10% share of biofuels in the liquid fuels market by 2020 (European Commission
(2007). To compare and contrast the EU biofuel directive with the US mandate, we use an
estimate for the EU made by the European Commission (2007), which suggests attainment of
a 6.25% share of biofuels in liquid transport fuels by 2015. This goal is projected to be filled
largely by biodiesel. Germany is the largest producer (798 million gallons constituting about
54% of EU’s total biodiesel production in 2006) followed by France (15%), Italy (9%),
United Kingdom (4%), Austria (2.5%), Poland (2.4%), Czech Republic (2.2%), Spain (2%),
and others (9%) (European Biodiesel Board, 2007). The spectacular growth in the German

market is the result of very favorable legislation granting a total tax exemption for biofuels.

! Historically, ethanol had almost always been priced considerably higher than gasoline, but in much of 2007/08
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This exemption has been particularly important in the EU, where fuel taxes are extremely
high. However, it has recently been rescinded in Germany due to its high budgetary cost, as
well as the suspicion that it might be having adverse impacts on land use in the rest of the
world. The EU is currently re-evaluating its ambitious biofuels mandates, and a key factor in
the deliberations is the global impact — particularly the impact on land use in the tropics. The
remainder of this paper seeks to investigate this link between the energy economy, increased

biofuel production, agricultural trade and global land use.

3. Methodology

Global Model: Given our goal of evaluating the individual and combined impacts of
EU and US biofuel policies on one another, as well as the rest of the world, we need a model
which is global in scope, and which links production, consumption and trade. In light of the
forgoing discussion of key drivers of the biofuels boom, we also need a tight link between the
energy economy in general -- petroleum prices in particular -- and the demand for biofuels. In
order to make the link to land use, it is also critical to have a clearly fleshed out channel from
biofuels to agricultural production to the derived demand for land. And we must take into
account the global competition for agricultural products. All of this has led us to develop a
special purpose version of the Global Trade Analysis Project (GTAP) model (Hertel, 1997) of
the global economy. (See Box 1 for an overview of the core GTAP model.) Specifically, we
begin with the GTAP-E extension of the core model (Burniaux and Truong, 2002), which has

been widely used for analysis of energy and climate change policies. We augment this model

ethanol price was lower per gallon than gasoline (http://www.neo.ne.gov/statshtml/66.html).



by adding the possibility for substitutability between biofuels and petroleum products as
follows: *

ge=q-o(pe-p) (1)
Here, Q is the aggregate demand for liquid fuel consumption, and q is the percentage change
in this variable. The percentage change in demand for ethanol, ge, depends on the change in
aggregate demand for liquid fuels, g, and on changes in the intensity of ethanol use in liquid

fuels (ge—q). This is governed by the parameter o, the constant elasticity of substitution

amongst liquid fuel products consumed which pre-multiplies changes in the ratio of ethanol

prices to changes in the composite price of liquid fuels ( pe— p). Large values of o result in

significant increases in ethanol intensity as the relative price of this fuel falls.

In order to accurately depict the global competition for land between food and fuel, we
augment the model with a land use module, nick-named GTAP-AEZ — where the AEZ stands
for Agro-Ecological Zones (Hertel et al., 2008). This disaggregates land use into 18 AEZs
which share common climate, precipitation and moisture conditions, and thereby capture the
potential for real competition between alternative land uses. Land use competition is modeled
using the Constant Elasticity of Transformation (CET) revenue function, which postulates that
land owners maximize total returns by allocating their land endowment to different uses,

subject to the inherent limitations on land use change:

max z Riand 1 Xiand s
]

Xiand.|
| (2)
P
st. A= |:z eland,l X |§nd,| j|
|

2 A complete development of this model, along with a downloadable version archive is available as a GTAP
Technical Paper by Birur, Hertel and Tyner (2007).

10



In (2), Ry, is the return to land supplied by the land owner to sector I. The revenue

maximizing allocation of land to sector I, X is determined as the solution to (2), with this

land,l »

particular supply accounting for a share of total land rental revenue equal to 6, The

and,l *
constant elasticity of transformation 7 = (1— p)~' describes the ease with which land may be

shifted between alternative uses. The associated partial equilibrium supply elasticity of land to

a given use is given by: 7.4, = —(1—6,,,4,)7 so that the upper bound on the supply elasticity
is —7 and arises when 6,,,, — 0. As more land in a given AEZ is diverted to production of

the biofuel feedstock (e.g., corn), (8,4, — 1), and the land supply elasticity falls to zero.

land

We make the assumption of homothetic weak separability in land supplies and divide
the allocation problem into two parts. In the first, the landowner allocates land cover across
three different types—crop, pasture, and accessible forestry. Conditional on the total
availability of land for crop production, the next CET nest determines its allocation across
crops. At each stage, the econometrically-based elasticity of transformation differs, as will be
seen below. Of course, more complex patterns of nesting are also possible, as evidenced in
the work of Eickout et al. (2008). However, we do not have sufficient econometric
information to calibrate a more elaborate pattern of nesting.

When ethanol is produced from corn, Dried Distillers” Grains with Solubles (DDGS)
are generated as a by-product, which can be used as a feed ingredient. Sales of DDGS as a
livestock feed generate roughly 16% of total ethanol revenues in the US and displace corn and
other feedstuffs. A similar situation arises with biodiesel production from oilseeds.
Taheripour et al. (2008) show that ignoring the by-products of biofuels leads researchers to

significantly overstate the impact of mandates. They incorporate DDGS and vegetable oil
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cake (soybean meal in the US and rapeseed cake in EU) and then augment feed demand in the
livestock sector by allowing for substitution between biofuel by-products and other animal
feed.

Data Base: In order to address the global impacts of the emerging biofuels industry,
we capitalize on several recent data base advances. First of all, we build on the work of
Taheripour et al. (2007) which disaggregates three biofuels sectors within the 2001, version 6
GTAP data base. Specifically, these authors break out three new sectors: corn-based ethanol,
sugarcane-based ethanol, and oilseed-based biodiesel. They do so by bringing to bear state-
of-the-art analyses of the cost structure of these industries, including domestic and imported
feedstocks. With the exception of corn-based ethanol, all liquid biofuels are assumed to
substitute in final fuel consumption for petroleum products. For corn-based ethanol, we
incorporate separately the additive demand for biofuels, as this is less price-responsive. It is
treated as an intermediate demand by the petroleum refining industry, the level of which
varies directly with total petroleum use. As we will see below, differentiating the price-
sensitive and fixed proportions demands for ethanol is critical for our ex post analysis of
recent history of the biofuel boom in the US, as well as for our ex ante analysis of future
policies.

The global land use data base has four key pieces. The data on land cover are from
Ramankutty et al. (2008). These distinguish global land cover by type, including built-up land
as well as non-commercial land. For purposes of this study, we only use the forest,
pastureland and cropland cover types. Other land uses are assumed to be invariant to biofuels
policies. The data base on harvested land cover and yields is from Monfreda et al. (2008a,

2008b). This has its origins in the AgroMaps data base project of FAO, IFPRI and SAGE,
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which assembled county-level data for all countries of the world and mapped these to 0.5
degree grid cells. These two data bases are aggregated to the 18 AEZ level prior to their
incorporation into the GTAP data base. The third land use data base is documented in
Sohngen et al. (2008), and maps forestry activity to the forest land cover in the 18 AEZs.
Assembling all of these pieces, Lee et al. (2008) produce a GTAP-compatible global land use
data base at the AEZ level. This involves disaggregating land rents in the GTAP data base on
the basis of prices and yields. This final product is the one used in the present study. Much
more discussion of global land use data and associated modeling issues is offered in the
forthcoming volume edited by Hertel, Rose and Tol (2009).

Parameters: With the model and data base in place, it remains to discuss the
parameters used in this study. As seen above in equation (1), central parameter in our analysis
is the elasticity of substitution between biofuels and petroleum products, o . With very
limited time series data, reliable estimates of this parameter are not available in the literature.
Furthermore, these elasticities are likely to vary greatly by country. For example, the
potential for biofuel-petroleum substitution in automobiles depends on the current intensity of
biofuels, as well as the stock of flex-fuel vehicles in the national fleet. Accordingly, we
utilize our historical data to offer general equilibrium estimates of these parameters over the
2001-2006 period.

From the perspective of supply response and land use, the key parameters in the model
are those which govern the responsiveness of land use to changes in relative returns. As seen
in (2) above, the negative of the transformation elasticities (7 ) in the CET function represents
the upper bound supply elasticity of the factor (in response to a change in factor returns). For

land cover, we draw on Lubowski, Plantinga, and Stavins (2005), who report land use
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elasticities consistent with a 5 year land cover transformation parameter of -0.11 and a 10 year
value of -0.22 (Ahmed, Hertel and Lubowski, 2008). In this paper, we set this value to -0.20.
A transformation parameter of -0.5 for the crop frontier is obtained by taking the maximum
acreage response elasticity from the FAPRI model documentation (FAPRI, 2004) for corn
acreage response across the different regions of the United States.

The issue of an endogenous yield response to biofuels policy changes has been quite
controversial. One article that has drawn attention to the land use impacts of biofuel policies
is that of Searchinger et al. (2008) who assume that there is no change in baseline yields as a
consequence of biofuels policies. This has proven quite controversial — particularly in light of
their finding that US biofuels programs are likely to result in very substantial indirect land use
impacts in the rest of the world. Some biofuels advocates have argued the other extreme —
namely that increased yields can accommodate all of the incremental feedstock demands.
Fortunately, this is an area where a great deal of economic research has been undertaken —
particularly for corn. Keeney and Hertel (2008) explore this issue in detail, and here we adopt
their central case assumption of a long run yield response to output price changes (relative to
variable input prices) of 0.4. We follow those authors in calibrating to this parameter by
adjusting the elasticity of substitution in crop production to hit this targeted yield response.

As Searchinger and Heimlich (2007) have identified, the bilateral pattern of trade is
also important in determining the global impacts of biofuels polices. Countries with a close
trading relationship with the US, for example, are more likely to be affected by such policies.
Those authors focused solely on US exports of oilseeds, and assumed that reductions in
exports would be offset by increases in domestic production in the destination countries.

However, in reality, the global trading system is much more complex. First of all, the US is
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both an exporter and an importer of oilseeds. Secondly, these bilateral patterns of trade are
price sensitive, and therefore endogenous to any biofuels policies. As US exports to the
Middle East become more expensive, for example, competitors will seek to erode the US
market share. This means that the land use impact may well crop up in third markets with
which the US may not even trade directly. This price responsiveness of bilateral trade is
governed by the “Armington” elasticity of substitution among imports. We draw on recent
econometric estimates of Hertel, Hummels, Ivanic and Keeney (2007), who utilize variation in
bilateral trade costs in order to estimate the elasticity of substitution amongst products
supplied by different exporters. Those authors estimate this elasticity for corn (coarse grains)
to be 2.6 with a standard error of 1.1, and 4.9 (0.8) for oilseeds (Hertel et al. 2007, Table 1).

The final set of parameters which deserve our attention relate to the price elasticity of
demand for petroleum products. Following the stochastic simulation approach of Valenzuela
et al. (2007), Beckman (2008) secks to validate the GTAP-E model with respect to the
petroleum product market. He finds that demand is far too elastic in GTAP-E. This is in
confirmation with Espey (1998) who conducted a meta-analysis based on over 300 estimates
from the literature. Her study suggests that the median price elasticity of demand for
petroleum is -0.23 with a range of 0 to -1.36, and averaging -0.26. Also, Beckman (2008)
notes that the elasticity of substitution amongst energy sources was too elastic in GTAP-E -- a
result key to our analysis. With these issues in mind, Beckman (2008) offers a revised set of
GTAP-E parameters, which is what we use for this study.

The model is implemented using GEMPACK (Harrison and Pearson, 1994), and we

make special use of the decomposition feature developed by Harrison, Horridge and Pearson
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(2000) which exploits numerical integration techniques in order to exactly separate the

impacts of different policy shocks on endogenous variables of interest.

4. Historical Analysis

As noted previously, we begin by validating the model against recent history. Since
this is a global general equilibrium model, there are many different variables upon which we
could focus our attention. However, we believe the most important of these is the share of
total liquid fuels provided by biofuels. Indeed many of the biofuel mandates are expressed in
terms of such a share, so being able to track this over the 2001-2006 period is quite important.
Table 1 reports changes in total liquid fuel consumption in the US and the EU. It can be seen
that the US share tripled from 2001 to 2006, rising from less than 0.6% to more than 1.8%.
Most of this was in the form of domestically produced, corn-based ethanol, but a seventh of
the total came in the form of imports of sugarcane-based ethanol; finally, a very small amount
came from biodiesel. In the EU, the share of biofuels in total liquid fuel consumption rose
more than six-fold over this same period, from 0.2% to 1.3%, with the majority being
delivered as biodiesel.

Partial Equilibrium Analysis: As noted above, the major drivers of this growth in
biofuels have been: petroleum prices, biofuel subsidies, and the ban on competing fuel
additives in the US. While our empirical analysis of the biofuel boom is conducted in global,
general equilibrium, it is instructive to begin with a simple, partial equilibrium model for
biofuels which highlights the role of each of these three drivers of change. Such a model is
developed in the Reviewers’ Appendix. It assumes that the price of composite liquid fuels for

transport is exogenous, total demand for liquid fuels is fixed, and there are two types of
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ethanol demand — one which is not responsive to price (i.e. ethanol for oxygenation) and one
which is an energy substitute and there is price responsive. In the absence of ethanol trade, we
can then solve for the equilibrium percentage change in ethanol output, qo*, as follows:
qo* =&,[(1-a)ai &, (p+9)] /[, —&p] (3)

Here the key drivers of ethanol output change are: ai, the percentage change in the
input-output ratio prescribing additive use in gasoline (this will rise when alternative
oxygenators are banned), p, the percentage change in the price of composite liquid fuels, and
s, the percentage change in the power of the ad valorem-equivalent subsidy on ethanol
production (i.e. S is one plus the subsidy rate). The parameters in this equation are as follows:

&y, =—ao 1s the composite price elasticity of demand for ethanol (the product of the share of
ethanol going to the price-sensitive (energy-substitution) side of the market, « , and the
elasticity of substitution in use between ethanol, biodiesel and petroleum, o ); &, =v,0, ' is the

price elasticity of supply for ethanol which is determined by the product of the own-price
elasticity of supply of corn, v, , and the inverse of the share of costs of corn in ethanol
production, &, .

From (3), we can obtain some useful insights into the impact of these drivers on the
growth in biofuels output. First of all, the contribution of changes in the additive
requirements of gasoline to total ethanol output depend on the change in the input-output
ratio, al, as well as the initial share of total sales going to this market segment. The price
sensitive portion of the market depends on what happens to the price of energy in general, p,
and the power of the subsidy, S. When the change in the latter is expressed as the change in
the power of the ad valorem subsidy equivalent (as is the case here), these two effects are

additive. Their combined significance depends on the share of the total market for ethanol
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that is price sensitive (& ) and the ease of substitution between ethanol and other fuels (o).
Furthermore, we see from (1) that feedstock supply response is also important. If the total

availability of feedstock (corn) is fixed (v, =0), then qo*=0. Furthermore, as v_rises and the

share of corn in overall ethanol costs falls (6, —0), v,0." = ¢, rises, thereby boosting supply.

From a validation point of view, note that, given estimates of the other parameters and
shocks in equation (3), we could choose o to replicate the historically observed value of qo,
or some derivative thereof, e.g., the renewable fuel share. By evaluating the plausibility of
these estimates of o, we obtain some further validation of the model.

Equation (3) is critical when it comes to decomposing the contribution of the three
main drivers of biofuel production over the 2001-2006 period. The six main drivers of the
biofuel boom during 2001-2006 as offered by Birur, Hertel, Tyner (2007) are: increase in
crude oil price by 136% (from $25 a barrel to $60), increase in additive demand for ethanol in
the US by 49%, a subsidy of $0.51 per gallon of ethanol and $1 per gallon of biodiesel in the
US, and tax credit of $1 per gallon of ethanol and $1.9 per gallon of biodiesel in the EU.

General Equilibrium Analysis: We are now ready to simulate the general equilibrium
model over the 2001-2006 historical period. The most obvious approach to this would be to
shock all the exogenous variables in the model by the observed values over this period, and
then compare the endogenous variables to their observed values by way of model validation.
Unfortunately, the vast majority of exogenous variables are either unobserved (technological
change) or unavailable on a global, time series basis for the period in question (bilateral trade
policies, domestic taxes and subsidies). We are therefore forced to adopt a more modest
approach to our historical simulation. Instead of shocking all the exogenous variables in the

economy, we shock only those drivers that were key in shaping the EU and US biofuel
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economy over this period — namely the price of petroleum, biofuel policies in the US and the
EU, and the ethanol additive requirements in the US (recall equation 3). In this way, we seek
to impose the 2006 biofuel economy on the observed 2001 global economy. In doing so, we
greatly reduce the information requirements for this historical analysis, thereby sharpening
our focus on the issue at hand — namely the impact of changing the way liquid fuel is
delivered to the global economy.

Let us begin with a discussion of the estimated elasticity of substitution between
biofuels and petroleum products (o). The default value for this parameter is 2.0 (Birur,
Hertel, and Tyner 2007). In the cases of Brazil, USA and EU, we have sufficient information
to alter this default value. Specifically, we estimate using the non-linear form of equation (1),
within the context of the CGE model, in order to hit the observed renewable fuel share target
reported in Table 1 (recall the discussion above). The resulting estimates of o are: Brazil =
1.35, EU = 1.65 and USA = 3.95. The relatively low elasticity in Brazil reflects the fact that
ethanol already commands a large share of that market, and large percentage changes become
more difficult as ethanol becomes more dominant. The estimated elasticity of substitution in
the US is high, relative to Europe, particularly in light of the fact that the EU renewable fuel
share grew by a much larger percentage over this period. However, the latter growth is well-
explained by the significant subsidies implicit in the fuel tax exemptions in France and
Germany. In addition, in the base period (2001), the share of US ethanol going to the price
inelastic additive market was quite high (about 75%). This requires the elasticity of
substitution in the price-sensitive part of the market to be higher. Finally, the economic
“power” of the US ethanol subsidy has been diminishing as the prices of gasoline and ethanol

rise. (See the lower panel of Table 1 in which ad valorem equivalent of the US subsidy falls
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by 10.9%.) For all these reasons, a relatively large elasticity of substitution is required to
explain the growth in the renewable fuel share in the US.

Given these estimates of the elasticity of substitution between biofuels and other
energy products, we can also decompose the impact of the main drivers of renewable fuel
output growth in the EU and US markets. Table 2 provides the general equilibrium analogue
to the decomposition of equilibrium output growth given in equation (3). In the top panel we
have a decomposition of US output growth, due to the exogenously dictated change in
renewable fuel share over the 2001-2006 period. Of the total change in ethanol growth
(133.5%) driven by this compositional change in liquid fuels, 64% of the total figure is
attributed to the MTBE ban, 93% is attributed to the rise in petroleum prices, -23% is due to
the diminishing relative importance of the $.51/gallon blenders’ subsidy, and a negligible
amount in US output growth is attributed to the growth in EU subsidies.

The predicted changes in US agricultural and forestry output, due to these changes in
the fuel economy, are reported in the subsequent rows of Table 2. Coarse grains output is
estimated to have been about 3% higher in 2006, solely due to the increase in renewable fuel
use. The majority of this (1.9% output growth) was driven by higher oil prices, with the next
largest portion (1.5%) being driven by the MTBE ban. With the exception of oilseeds, these
changes in the global fuel economy led to declines in the output of other agricultural and
forestry activities, as land was diverted to corn production. However, oilseed production
shows a positive gain due to changes in the global fuel economy: albeit weakly through a
small rise in US biodiesel production, but more strongly due to the boom in EU biodiesel

production.
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The lower panel of Table 2 reports comparable results for the EU, beginning with
biodiesel output — the primary renewable fuel in the EU. Here, the percentage increase is
much larger — more than 341%! This is driven by the combination of fuel tax exemptions
(202). (The ad valorem equivalent of the power of the EU subsidy on biodiesel rose by 81.2%
over this period.) This is followed by the contribution of higher oil prices (140%). These are
also the main drivers behind the associated changes in EU agricultural and forestry output
reported in the bottom panel of Table 2. The predicted rise in oilseeds output in the EU in the
wake of this change in the fuel economy is 14% -- driven mainly by increased EU subsidies,
followed by higher oil prices.

Table 3 reports the disposition of key biofuel feedstocks in 2001 and 2006 in Brazil,
EU and the US. (Bear in mind that these shares abstract from other developments in the global
economy, including changes in EU and US farm programs, China’s growing demand for
Brazilian soybeans, etc.). As seen from Table 3, the model predicts that the share of US
coarse grains (corn) going to ethanol production over this period increased from 5.6 % in
2001 to about 13% in 2006. This matches the historical experience in the US quite closely.
This eight percentage point increase in the share of coarse grains sold for ethanol has come
from reduction in other sectors, including such as feed industry (-6 percentage points), exports
(-1 percentage point) and other industries (less than -1 percentage point). Similarly, in the
case of EU, the share of oilseeds going to the biodiesel sector has increased from 5% to 20%
during the 2001-06 period, which again comes from a large reduction in use of oilseeds in
food products and other sectors. The EU also produces a small amount of grain based bio-
ethanol and the model predicts a small increase in the share of coarse grains going to the

ethanol sector. The final panel in Table 3 reports the results for Brazil, where there is a modest
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increase in the share of sugarcane going into the production of ethanol from 2001-2006. The
model also predicts a sharp rise in ethanol exports which has indeed been observed.

The final set of results pertaining to this historical analysis is related to land use
changes. The first panel in Table 4 reports the predicted changes in land use over this
historical period. The model predicts strong increases in US coarse grains and EU oilseed
production, as well as a sharp rise in sugarcane production in Brazil. Obviously the fuel price
rise, the MTBE ban, and the US and EU subsidy adjustments are not the only things going on
over the 2001-2006 period. However, it is instructive to compare the results to the actual
changes in these key feedstock land areas over this period. In reality, US corn area was up by
3.5% (vs. 2.3% in our simulation), EU oilseed area rose by more than 30% (vs. 13% in Table
4), and Brazilian sugarcane area rose by about 20% (vs. 24% in our historical simulation).
Overall, we estimate that, if no other changes had occurred over the 2001-2006 period, the
change in composition of the fuel economy would have boosted crop land cover in US, EU

and Brazil by roughly 0.1%, 0.3% and 1.3%, respectively.

5. Ex Ante Analysis of EU and US Biofuel Programs

We now turn to a forward-looking analysis of EU and US biofuel programs. As noted
above, the US Energy Independence and Security Act of 2007 calls for 15 billion gallons of
ethanol use by 2015, which amounts to about 5.1% of project liquid fuels consumption in
2015. In the EU, the target is 5.75% of renewable fuel use in 2010 and 10% by 2020.
However, there are significant doubts as to whether these goals are attainable. For this
analysis, we adopt the conservative mandate of 6.25% by 2015 in the EU. The starting point

for our prospective simulations is the updated 2006 fuel economy which results from the
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foregoing historical analysis. Thus, we analyze the impact of a continued intensification of
the use of biofuels in the economy — this time treating the mandates as exogenous shocks”.

Impact on Output: Table 5 reports the percentage changes in output for biofuels and
the land-using sectors in the USA, EU and Brazil. The first column in each block corresponds
to the combined impact of EU and US policies on a given sector’s volume of output (USEU-
2015). The second column in each block reports the component of this which is attributable
to the US policies (US-2015), and the third reports the component of the total due to the EU
policies (EU-2015) using the decomposition technique of Harrison, Horridge and Pearson
(2000). This decomposition approach is a more sophisticated approach to the idea of first
simulating the global impacts of a US program, then simulating the impact of an EU biofuels
program, and finally, simulating the impact of the two combined. The problem with that
(rather intuitive) approach is that the impacts of the individual programs will not sum to the
total, due to interactions. By adopting this numerical integration approach to decomposition,
the combined impacts of the two programs are fully attributed to each one individually.

In the case of the US impacts (columns labeled Outputs in US) coarse grains output
rises by nearly 11% and oilseeds by 13%, while outputs of other crops and livestock fall in the
combined USEU simulation. When only US policies are considered, results are quite similar,
excepting for oilseeds are a major exception. Here, the production impact of EU mandates is
dominant. In order to meet the 6.25% renewable fuel share target, the EU requires a massive

amount of oilseeds. Even though production in the EU rises by 59% additional imports of

Technically, we endogenize the subsidy on biofuel use and exogenize the renewable fuel share, then
shock the latter. For simplicity, all components of the renewable fuels bundle are assumed to grow in the same

proportion.
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oilseeds and vegetable oils are required, and this serves to stimulate production worldwide,
including in the US. Thus, while US oilseeds output increases by just 2% in the presence of
US-only programs, due to the dominance of ethanol in the US biofuel mix, when the EU
policies are added to the mix, US oilseed production rises by more than coarse grains.

In the case of the EU production impacts (Outputs in EU: the second group of columns
in Table 5), the rise in oilseed production dominates, with production of other crops and
livestock declining as resources are diverted to feedstocks for the biodiesel sector. In the EU,
the impact of US policies is quite modest, with the main interaction again through the oilseeds
market. However, when it comes to third markets — in particular Brazil (Outputs in Brazil),
the US and EU both have important impacts. US policies drive sugarcane production, through
the ethanol sector, so that sugarcane output in Brazil rises by about one-third. On the other
hand, EU policies drive oilseeds production in Brazil, which rises by 11% in the full US-EU
scenario. Due to the aggregate constraint on land, other crops, livestock, and forestry are
forced to contract in the wake of expansion in the biofuel feedstock sectors.

Impact on Trade: In order to better understand the impacts of US and EU policies on
Brazil, and other third markets, we turn to Table 6, which reports the change in bilateral trade
volumes for coarse grains, oilseeds and other food products as a result of the combined
mandates. As can be seen from the first row of entries, US exports of coarse grains are
reduced by $658 million at constant prices. Of course, this prediction is made, holding all
other changes in the world economy constant. In practice, rising demand in the rest of the
world, due to factors not considered here, such as rising population and incomes, could
counteract the impact of biofuel mandates on US exports. US exports of oilseeds and other

food products rise.
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Turning to the EU, exports of coarse grains, oilseeds and other food products are
sharply reduced across the board. Other regions increase their exports to both the US and the
EU, with the largest volume changes arising in the case of oilseed exports to the EU. Here, the
leader is Brazil, followed by the US, other countries in the Americas and Eastern Europe, re-
exports from Hong Kong, India, and Africa. In short, the EU draws on additional oilseeds
from around the globe, thereby stimulating the demand for additional crop land overseas.

Impact on Land Use and Land Cover: Table 7 reports changes in crop harvested area
as a result of the biofuel mandates in the US and EU for all regions in the model while figures
A1-A2 in the Reviewers’ Appendix show the percentage change in land area under coarse
grains and oilseeds, by AEZ and region, following the US and EU biofuel mandates for 2015.
The percentage change in acreage varies considerably across AEZs, for instance in the US,
the largest percentage changes in corn acreage (up to 13%) are in the less-productive AEZs
which contribute little to national coarse grains output while the smallest changes (5%) are in
the corn belt, resulting in a productivity-weighted rise in coarse grains acreage of 6% (Table
7). This increase in corn acreage in the US comes from contribution of land from other land-
using sectors such as other grains (Table 7) as well as pasture land and commercial forest land
— to which we will turn momentarily.

From Table 7, we see that US oilseeds acreage is up by 7.7% mainly due to the
influence of EU policies on the global oilseeds market. However, this increase is dwarfed by
the increased acreage devoted to oilseeds in other regions, where the percentage increases
range from 6 — 12% in Latin America, and 15% in Africa, to nearly 20% in Canada and 48%
in the EU. If the EU really intends to implement its 2015 renewable fuels target, there will

surely be a global boom in oilseeds. Coarse grains acreage in most other regions is also up,
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but by much smaller percentages. Clearly the US-led ethanol boom is not as significant a
factor as the EU oilseeds boom. Sugarcane area rises by 23% in Brazil, but declines
elsewhere, and other grains and crops are somewhat of a mixed bag, with acreage rising in
some regions to make up for diminished production in the US and EU and declines elsewhere.

From an environmental point of view, the big issue is not which crops are grown, but
how much cropland is demanded overall, and how much (and where) grazing and forestlands
are converted to cropland. Table 8 reports the percentage changes in different land cover area
as a result of the EU and US mandates, and Appendix Figures A3 and A4 show the
distribution of these land cover changes across AEZs and regions. As with the output changes
in Table 5, we decompose this total into the portion due to each region’s biofuels programs.
From the first group of columns, we see that crop cover is up in nearly all regions. Here we
also see quite a bit of interaction between the two sets of programs. For example, in the US,
about half of the rise in crop cover is due to the EU programs. In the EU, the US programs
account for only a small portion of the rise in crop cover, whereas, in Brazil, about two-third
of the increase in crop cover (2.85%) is due to US biofuel program. In other regions, the EU
programs play the largest role in increasing crop cover. For example, in the Rest of Africa
region, the EU programs account for nearly 1.2% of the total 1.5% rise in crop cover.

Where does this crop land come from? In our framework it is restricted to come from
pastureland and accessible forest lands, since we do not take into account idle lands, nor do
we consider the possibility of accessing currently inaccessible forests. Also, since we do not
explicitly model land transitions from one cover type to another, we cannot say whether the
new crop land is obtained directly from forest lands, or whether it is largely a result of

conversion from high quality pastureland (this is our expectation), with the decline in forest
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land contributing to making up some of the lost grazing land. The largest net reduction in
land cover tends to be in pasturelands (Table 8, final set of columns). For example, in Brazil,
we estimate that pasturelands could decline by nearly 9.4% as a result of this global push for
biofuels, of which 8.7% decline is from EU mandates alone. The largest percentage declines
in accessible forest land cover are in Brazil and EU, followed by smaller changes in Canada,
US, and Africa. In most other regions, the percentage decline in forest cover is rather small.
Welfare Impacts:

It is also of interest to ask about the aggregate welfare impacts of the biofuel mandates
on both, the EU and US economies, as well as the rest of the world. Table 9 summarizes the
money metric value of these changes in US$ billions (measured as equivalent variation) and
decomposes them into that portion attributable to changes in allocative efficiency and terms of
trade. The efficiency changes reflect the cost of mandating producers to boost biofuel
production from 2006 levels to 2015 mandated amounts in the absence of higher oil prices
(recall that our 2006 baseline assumes $60/bbl. oil). This efficiency loss is reflected in the
USA and EU rows of the first column, along with second best interactions with other taxes
and subsidies in the economy. These losses amount to $15 billion in the US and $28 billion in
the EU, totaling $43 billion. Apart from minor, second-best interactions with policies in other
regions, this efficiency loss largely explains the global welfare loss from EU-US mandates. Of
course, the magnitude of this loss hinges critically on the world price of petroleum. We
estimate, for example, that at sustained oil prices of $126/bbl., the US RFS mandate for 2015
would no longer be binding, so that enforcement would entail no additional welfare cost.

The regional welfare impact of biofuel mandates depends not only on efficiency

changes, but also on terms of trade changes. By dampening the global demand for petroleum
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products, these biofuel policies depress the world price of oil and thereby inflict a terms of
trade loss on the oil exporters (Table 9, second column) of $22 billion. However, unlike the
efficiency effects, which change the size of the global economic “pie”, the terms of trade
effects are merely income transfers among regions. Thus the oil exporters’ loss is the
importers’ gain. This benefits the US most, offsetting about half of the adverse efficiency
effects in that region. As a result, the net welfare cost for the US of $8 billion is actually rather
small. In the EU, the terms of trade gain is smaller ($3 billion) and the efficiency cost of
mandates is larger, so the EU welfare loss ($25 billion) is three times as high as for the US.
Systematic Sensitivity Analysis of the Results:

Given the uncertainty associated with the key parameters in this model, it is critical to
undertake a systematic sensitivity analysis in which the model is re-solved for different draws
from the underlying parameter distributions. Monte Carlo analysis is the standard approach to
this problem. However, it is impractical for large scale models. Therefore, we adopt the
Gaussian Quadrature approach proposed by DeVuyst and Preckel (1997), who show that it is
highly efficient and a very close approximation to full-blown Monte Carlo analysis of a
similar, global CGE model. Here, we follow the implementations by Arndt (1996) and
Pearson and Arndt (2000). We use symmetric triangular distributions to approximate the
underlying distribution of the key parameters, as this permits us to completely characterize the
parameter distribution through the mean and lower end point of each distribution.

Information about the assumed parameter distributions is reported in the Reviewers’
Appendix. We follow Keeney and Hertel (2008) in allowing the elasticity of crop yields with
respect to price to vary from 0.00 to 0.80, with a mean of 0.40. The lower bounds on the

absolute value of the acreage response parameters (elasticities of land transformation) are
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assumed to be 20% of the mean for both the land cover elasticity and the harvested crop land
elasticity. Finally, we also sample from the distribution of Armington trade elasticities, based
on the estimated standard deviations from the source study for those estimates (Hertel et al.,
2007). In total we vary eight parameters and we compute mean changes for all variables, as
well as the associated confidence intervals.

Given the focus on land use in the debate over biofuels, we have chosen to focus here
on the (95%) confidence intervals for outputs, harvested area and land cover changes. So, in
tables 5, 7 and 8, we have appended an * next to those changes that are significantly different
from zero by this metric. Note that, with the exception of livestock and forestry in the US, all
of the output changes in US, EU and Brazil are significantly different from zero. In the case of
harvested area (Table 7), all the changes in US, EU and Brazil are significant, but for other
regions, this is not always the case. Oilseeds area is the one column where all entries from all
regions are significantly different from zero. This underscores the importance of EU biodiesel
mandates for world oilseeds markets. Finally, we also report the 95% confidence interval for
land cover changes, by region, in the final two columns of each section in Table 8. These
correspond to the combined, EU-US-2015 experiment. So, for example, the confidence
intervals on US crop cover ranges from +0.37% to +1% changes in the wake of the combined
mandates.* The crop cover confidence interval is even larger in the case of Canada and Brazil,
but the lower bound is still large and positive. However, in most Asian economies, the sign of

the impact on crop cover is uncertain. For example, in India, the confidence interval on crop

* These are confidence intervals around the mean land cover estimates which differ — but only very slightly —
from the point estimates reported in the first column of Table 8. To save space, we have only reported the point

estimates. Typically these differ in the first or second decimal place.
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cover change ranges from -0.03% to +0.2%. Uncertainty in pasture cover is quite similar in
the pattern of countries in which the sign of the land cover change is uncertain with respect to
the parameter distributions in Appendix Table A1l. However, forest cover uncertainty is more
pervasive. Indeed, the only regions where we can say for certain that forest cover will decline
in the context of the combined biofuel mandates are: USA, Canada, EU, Brazil, Latin
American Energy Exporters, Africa, and Oceania.

While space limitations preclude presentation of further sensitivity analysis results in
the text, it is also of interest to vary key parameters one-at-a-time to their lower and upper
bounds, respectively. This allows us to ascertain which of these is most important in driving
particular results. We present such tables in the Reviewers’ Appendix, tables A2 an A3. These
results indicate that land cover changes are most sensitive to the yield elasticity and the
cropland cover elasticity of transformation, which, in turn determines the supply elasticity of

land to crop production (recall equation (2)).

6. Conclusions

Recently there has been a boom in research into the impact of biofuel programs on
both domestic and global resource use. Previous authors have devoted considerable attention
to the impacts of these policies on a country-by-country basis. However, there are also strong
interactions between these programs, as they compete in world markets for feedstocks and
ultimately for a limited supply of global land. In this paper, we have evaluated the interplay
between two of the largest biofuels programs, namely the renewable fuel mandates in the US
and the EU. We have also incorporated biofuels byproducts directly into the analysis.

We began with an analysis of the origins of the recent bio-fuel boom, using the

historical period from 2001-2006 for purposes of model validation. This was a period of
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rapidly rising oil prices, increased subsidies in the EU, and, in the US, there was a ban on the
major competitor to ethanol for gasoline additives. Our analysis of this historical period
permits us to evaluate the relative contribution of each of these factors to the global biofuel
boom. We find that, in the US, the rising oil price was the most important contributor to the
biofuel boom in that country, followed by the MTBE additive ban. In the EU, fuel tax
exemptions were the most important factor in driving biofuel growth, followed by oil prices.

Our prospective analysis of the impacts of the biofuels boom on commodity markets
focused on the 2006-2015 time period, during which existing investments and new mandates
in the US and EU are expected to substantially increase the share of agricultural products
(e.g., corn in the US, oilseeds in the EU, and sugar in Brazil) utilized by the biofuels sector. In
the US, this share could more than double from 2006 levels, while the share of oilseeds going
to biodiesel in the EU could triple. In analyzing the biofuel policies in these regions, we
decompose the contribution of each set of regional policies to the global changes in output and
land use. An interesting interaction between the two sets of policies is for oilseed production
in the US, where much of the increase in output was due to the presence of EU mandates --
not US mandates. The other area where they have important interactions is in the aggregate
demand for crop land. About one-third of the growth in US crop cover is attributed to the EU
mandates.

When it comes to the assessing the impacts of these mandates on third economies, the
combined policies have a much greater impact than just the US or just the EU policies alone,
with crop cover rising sharply in Latin America, Africa and Oceania as a result of the biofuel
mandates. These increases in crop cover come at the expense of pasturelands (first and

foremost) as well as commercial forests. It is these land use changes that have attracted great
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attention in the literature (e.g., Searchinger et al., 2008) and a logical next step would be to
combine this global analysis of land use with estimates of the associated greenhouse gas

emissions to explore these impacts in a more comprehensive fashion.
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Table 1. The Changing Structure of the Biofuel Economy

us EU-27
Fuel Consumption: Units 2001 2006 2015 2001 2006 2015
Liquid fuels for Transport:
Petroleum Quad Btu 25.96 27.57 29.63 1820 1820 18.50
Total Biofuels' Quad Btu 0.150 0.503 1.508 0.037 0.224 1.156
Ethanol Quad Btu 0.149 0.471 1.341 - 0.035 0.183
Biodiesel Quad Btu 0.001 0.032 0.167 0.037 0.189 0.973
ohare of biofuels In fiquids % 058 183 509 020 123 6.25
or transport (energy basis)
Biofuel Policies:
Subsidy for Ethanol $/gallon  0.51 0.51 - 1.00
Average Price of Ethanol® $/gallon  1.48 2.58 1.48  1.96
Ad valorem equivalent of subsidy 1.34  1.20 1.00 1.51
% ch in subsidy (2001-2006) -10.9 51.0
Subsidy for Biodiesel’ $/gallon  1.00 1.00 - 1.90
Average Price of Biodiesel' ~ $/gallon 245 3.23 2.33 2.34
Ad valorem equivalent of subsidy 141 131 1.00 1.81
% ch in subsidy (2001-2006) -7.0 81.2

Note: 'Biofuels include both domestic production and imports of ethanol and biodiesel
?Ethanol prices for EU-27 corresponds to France
3 Subsidies in the US and Tax Credits in the EU-27
* Biodiesel prices for EU-27 corresponds to Germany
Data Sources: Projected data is from Energy Information Administration, U.S. Department of Energy.
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Table 2. Decomposition of the Drivers behind the Biofuels Boom: 2001-2006

Percent Change in Output by Sector

Decomposed by Driver

US Total

Change  Additives  Oil Price Subsidy-US  Subsidy-EU
Ethanol 133.5 64.0 93.1 22.7 0.0
Coarse Grains 3.0 1.5 1.9 -0.6 0.1
Other Grains -1.9 0.7 -14 0.2 0.0
Oilseeds 1.4 -0.4 0.9 0.1 0.6
Sugarcane -0.5 -0.1 0.4 0.0 0.0
Other Agri -0.5 -0.1 0.4 0.0 0.0
Livestock -0.8 -0.1 0.7 0.0 0.0
Forestry -0.1 -0.1 -0.1 0.0 0.0
. Total Decomposed by Driver

Change  Additives  Oil Price Subsidy-US  Subsidy-EU
Biodiesel 341.4 -0.3 140.3 0.1 201.7
Coarse Grains -1.6 0.0 -1.2 0.0 0.4
Other Grains -1.2 0.0 -0.5 0.0 0.8
Oilseeds 14.2 0.1 5.7 -0.1 8.2
Sugarcane -0.4 0.0 0.3 0.0 0.2
Other Agri 0.2 0.0 0.1 0.0 0.2
Livestock -0.6 0.0 -0.5 0.0 0.1

Forestry -0.8 0.0 -0.4 0.0 -0.3




Table 3. Disposition of Feedstock in the Changing Global Biofuel Economy (%)

us EU-27 Brazil
Base Base Mandates Base Base Mandates Base Base Mandates
2001 2006 2015 2001 2006 2015 2001 2006 2015
Disposition of Coarse grains (%) Disposition of Oilseeds (%) Dispaosition of Sugarcane (%)
Ethanoll 5.6 13.1 33.5 Biodiesel 5.2 19.8 68.5 Ethanol2 43.5  60.8 70.8
Feed 48.2 42.0 28.9 Food products 51.6 438 18.3 Sugar 443  28.6 19.4
Other 18.6 184 16.3 Other 239 20.0 8.8 Other 12.1 10.6 9.8
Exports  27.6 26.5 21.3 Exports 193 164 4.4
Disposition of Coarse Grains (%) Disposition of Ethanol-2 (%)
Ethanol-1 0.6 2.0 13.2 Domestic  97.4  62.1 33.9
Feed 51.0 489 36.5 Exports 2.6  37.9 66.1

Note: Ethanollrefers to the corn based ethanol and ethanol? is the sugarcane based ethanol.
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Table 4. Change in Land Use due to US-EU Biofuel Programs (%o)

2001-2006 2006-2015
US EU-27 Brazil US EU-27 Brazil

Land use change (%):

Coarse Grains 23 -1.7 2.2 6.2 -9.0 -10.5

Oilseeds 0.8 12.9 -2.1 7.7 47.8 6.4

Sugarcane -0.8 -0.7 24.3 -4.2 -6.6 22.9

Other Grains -1.8 -1.4 -2.6 -7.4 -15.0 -18.0

Other Agri -0.6 -0.4 -3.4 -1.8 -5.4 -10.6
Land cover change (%)

Crops 0.1 0.3 1.3 0.7 2.1 2.8

Forest -0.3 -0.8 -3.4 -2.5 -8.2 9.2

Pasture -0.7 -0.9 -2.6 -3.8 -94 -9.7
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Table 5. Change in Output due to EU and US Biofuel Mandates: 2006-2015 (%)

Outputs in US Outputs in EU Outputs in Brazil
Sectors: USEU US- EU- |USEU US- EU- |USEU US- EU-
2015 2015 2015 | -2015 2015 2015 | -2015 2015 2015
Ethanol 184.0* 183.8 02 |5154* 12 5142 | 624* 646  -22
Biodiesel | 1964* 1963 12 |530.6* 1.7 5289 | - - -
g‘r’;frf: 10.7* 9.4 14 | -57% 03 61 | -7.6* 60  -16
Oilseeds 13.1* 20 111 | 589* 24 565 | 11.1* 92 203
Sugarcane | -0.9* -09 00 | -33* 00  -33 | 33.9%* 358  -2.0
gif;s 52% 51 -0.1 | -124* 03 -12.1 |-159* -11.1  -48
Other Agri | -09* 09 00 | -39* 00  -40 | -9.1* 73  -1.8
Livestock 06 06 0.1 | -14* 01  -15 | -33* 29  -05
Forestry 08 08 00 | -52* 03 49 | -6.0* 48  -12

Note: Ethanol in the US and EU is produced from grains and it is sugarcane-based in Brazil.
* indicates that mean values are larger than twice the standard deviations from zero, reflecting significant
variation in results subjected to the given range of parameter values. Sensitivity results are not reported
for separate US and EU policies.
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Table 6. Impact of US and EU Biofuel Mandates on Bilateral Trade (change in import volume): 2006-2015 ($ millions)

Coarse Grains Oilseeds Other Food Products

Exporters: US EU RoW TotExp| US EU RoW TotExp| US EU RoW Tot Exp
1 |US 0 -4 -654 -658 0 1539  -664 875 0 74 261 334
2 | Canada 2 5 9 15 25 283 119 427 38 14 24 76
3 | EU-27 -19 0 -417 -436 2 0 -6354  -6356 | -104 0 -1392  -1496
4 | Brazil 0 -8 -94 -103 0 1204 -362 842 <74 =356 -344 =775
5 | Japan 0 0 0 0 0 4 2 6 6 5 41 51
6 | China-Hong Kong 0 2 80 83 2 452 132 586 -12 8 -40 -44
7 | India 0 1 2 4 24 229 108 360 -7 5 -20 -22
8 | Latin American Energy Exporters 1 33 68 102 8 489 182 679 -30 31 10 11
o | Restof Latin America & 2 1113 25 30 281 51 336 | 62 13 71 -147

Caribbean
10 | EE & FSU Energy Exp 0 30 46 77 2 562 19 583 2 66 64 132
11 | Rest of Europe 0 3 8 11 1 79 4 84 -2 31 -3 27
12 Ef(;dfrlt‘zrlzaswm N Africa energy 1 3 12 16 > 97 9 08 | 2 23 25 51
13 | Sub Saharan Energy exporters 1 6 7 13 4 164 41 209 1 71 21 92
14 | Rest of North Africa & SSA 0 2 19 21 1 42 3 47 -1 13 -7 5
15 | South Asian Energy exporters 0 0 2 24 19 45 7 59 120 187
16 | Rest of High Income Asia 0 0 1 1 0 2 -32 -7 -150 -188
17 | Rest of Southeast & South Asia 0 0 1 14 35 50 -6 35 21 51
18 | Oceania countries 0 1 26 27 5 117 -5 117 6 16 67 89

Total -13 85 -869 =797 79 5581 -6659 -1000 | -266 74  -1373  -1566

Note: Change in volume of exports of coarse grains, oilseeds, and other food products, from all the 18 regions to the US and EU, respectively, were evaluated at
initial market prices (trade volume changes in $ millions).
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Table 7. Change in Crop Harvested Area by Region, due to EU and US Biofuel Mandates:
2006-2015 (%)

Crops

Region: Coarse . Other  Other

Grains Oilseeds  Sugarcane Grains  Agri
U.S.A. 6.2% 7.7* -4.2% -7.4%  -1.8%
Canada -0.6 19.4* -3.0%* -2.5% -1.5%
EU-27 -9.0%* 47.8%* -6.6* -15.0%  -54*
Brazil -10.5% 6.4%* 22.9% -18.0*  -10.6*
Japan 5.2% 7.6* -0.5 0.6 -0.1
China-Hong Kong 0.8 6.7*% -0.5 -0.2 -0.4
India -0.6 0.9 -0.6 0.3 -0.2
Igit;‘; rf;rrr;e“can Energy 0.4 122%  -1.9% 02  -0.6
Sestof Lain America & 01 123%  -1s% 07 03
EE & FSU Energy Exp 0.3 18.8% 0.5 0.0 0.3
Rest of Europe 0.8 11.2%* 0.1 1.8 0.5
Middle Eastern North 205 9.0 04 24% .03
Africa energy exporters
S;I];’Oiaelfan Energy 1.0% 14.01% 0.1 22% 11
Is{gi of North Africa & 0.1 15.7% 0.2 13 1.3
S}‘(’;t)};t:‘rzlan Energy 07 26% 08 05 00
Rest of High Income Asia 2.3* 6.0* -0.2 -0.2 0.0
i:is; of Southeast & South 0.4 5 7% 0.7 0.1 0.1
Oceania countries 1.4 19 3% 04 -1.3%* 0.4

Note: * indicates that mean values are larger than twice the standard deviations from zero, reflecting
significant variation in results subjected to the given range of parameter values.
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Table 8. Decomposition of Land Cover Change by EU and US Biofuel Mandates (with Sensitivity Analysis): 2006-15 (% ch)

Crop Cover Forest Cover Pasture Cover
USEU Us EU Confidence USEU US EU Confidence USEU  US EU Confidence
Interval (95° Interval (95° Interval (95°
2015 2015 2015 —nervalO5%) | s 5015 p01s —mevalO5%) | o s a01s 015 —aterval (95%)
Lower Upper Lower  Upper Lower Upper
Us 0.69* 039 030 037 1.00 | -2.46% -146 -1.00 -3.60 -135 | -3.79% 204 -1.75 -556 -2.02
Canada 2.82% 076 206 143 427 |-257* 069 -1.88 400 -1.30 | -441* -1.16 -325 -678 -2.04
EU-27 2.13* 016 197 1.16  3.03 | -821* -0.64 -7.57 -11.41 -482 | -945% 074 -871 -12.80 -6.10
Brazil 285% 190 094 152 413 | -922% -664 -258 -13.19 -538 | -9.69* -6.16 -3.53 -13.94 -5.44
Japan 030 010 020 003 063 | -068 -023 -045 -153  0.03 |-1.16* -037 -0.79 -2.06 -027
China-Hong Kong 003 002 000 -005 013 | 008 -008 016 -040 044 | -074 -0.18 -0.56 -146 -0.01
India 007 001 006 -003 020 | -002 -0.01 -001 -048 032 | -035 -0.03 -032 -084 0.14
Latin American EEx. | 0.62* 021 041 025 1.02 |-121* -044 -077 -2.05 -047 | -1.69% -0.54 -1.15 -281 -0.57
Rest of Latin Am. 048% 0.2 037 0.8 081 | -028 -022 -006 -124  0.64 |-1.89%* -040 -1.50 -3.10 -0.69
EE & FSU EEx. 0.59*  0.17 042 019 1.02 | -054 -030 -025 -1.79  0.58 |-2.81*% -0.61 -220 -453 -1.09
Rest of Europe 1.13* 026 087 048 179 | -090 -034 -056 -2.00  0.14 |-2.49% 044 205 -393 -1.05
Middle Eastern N 041* 0.0 031 011 074 | 096 -024 -0.72  -195  -0.07 | -1.55% -038 -1.17 -2.65 -0.45
Africa EEx.
Sub Saharan EEx. 126% 034 092 048 2.1 |-0.71* -0.19 -052  -1.31  -0.18 | -2.08% -0.55 -1.53 -323 -0.93
Rest of Africa 1.49% 032  1.17 067 231 | -158% -037 -121  -259  -0.60 | -2.93* -0.58 -2.35 -457 -1.29
South Asian EEx. 006 000 -006 -0.18 007 | 032 004 028 -020 081 |-054* -0.14 -040 -1.02 -0.05
i:is; ofHighIncome | 0 001 000 -002 003 | 044 003 041  -011 094 | -071% -026 -045 -131 -0.11
Restof Southeast& 1 g4 001 004 -001 011 | -005 -001 -004 042 026 | 052 -008 -043 -109 006
South Asia

Oceania countries 0.89* 021 068 034 146 |-081* -023 -058 -135  -032 | -1.19%* 026 -093 -2.01 -0.37

Note: USEU2015 policy impact is decomposed into US2015 and EU2015 effects. The confidence intervals pertain to the USEU2015 combined impact.
* indicates that mean values are larger than twice the standard deviations from zero, implying a significant range of impact.
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Table 9. Welfare Changes due to US and EU Biofuel Mandates
(2006-2015 changes in US$ billions)

Allocative Terms of  Total Welfare
Efficiency Trade Change
USA -15 7 -8
EU -28 3 -25
Brazil 1 4 5
Japan 1 2 2
Oil Exporters -2 -22 -24
RoW 1 6 7
World -43 0 -43
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Box 1. Structure of GTAP Model

The Global Trade Analysis Project (GTAP) model is a multi-commodity, multi-regional computable general
equilibrium model developed by Hertel (ed., 1997). The core model has been documented in a book, published by
Cambridge University Press (Hertel ed., 1997) with detailed discussion on theory and derivation of the behavioral
equations involved in the model. A synopsis of the core model is offered here. Key extensions of this model to deal
with biofuels are discussed in the text and associated references.

The standard GTAP model employs the simple, but robust, assumptions of constant returns to scale and perfect
competition in all the markets with Walrasian adjustment to ensure a general equilibrium. As represented in the figure
below, excerpted from Brockmeier (1996), the regional household (e.g., the US or the EU) collects all the income in its
region and spends it over three expenditure types — private household (consumer), government, and savings, as governed
by a Cobb-Douglas utility function. A representative firm maximizes profits subject to a nested Constant Elasticity of
Substitution (CES) production function which combines primary factors and intermediates inputs to produce a final
good. Firms pay wages/rental rates to the regional household in return for the employment of land, labor, capital, and
natural resources. Firms sell their output to other firms (intermediate inputs), to private households, government, and
investment. Since this is a global model, firms also export the tradable commodities and import the intermediate inputs
from other regions. These goods are assumed to be differentiated by region, following the Armington assumption, and
so the model can track bilateral trade flows.

While land is imperfectly mobile (see text), labor and capital are perfectly mobile within a region but immobile
across the regions. Government spending is modeled by using a Cobb-Douglas sub-utility function, which maintains
constant expenditure shares across all budget items. The private household consumption is modeled with a non-
homothetic Constant Difference of Elasticity (CDE) implicit expenditure function, which allows for differences in price
and income elasticities across commodities. Taxes (and subsidies) go as net tax revenues (subsidy expenditures) to the
regional household from private household, government, and the firms. The rest of the world, as seen from Figure Al,
gets revenues by exporting to private households, firms and government. These revenues are spent on export taxes and
import tariffs, which eventually go to the regional household. In the GTAP model, this rest of world composite is
actually made up of many other regions — with the same pattern of utility and production functions as the regional
household at the top of this figure.

In this paper, we employ the standard GTAP model closure which imposes equilibrium in all the markets, firms
earn zero-profits, the regional household is on its budget constraint, global investment equals global savings. The global
trade balance condition determines the world price of a given commodity.

/[ Regional Household ]\
Pvt.
. Govt.
Expenditure / \ Exoenditure

Taxes Taxes  Savings Taxes

Endowments:
( l (Land-AEZs,
Labor, Capital)
Private .
Household [ Global Savings ]
Net Dom. Import
Dom. )
E#%‘i” purchases investments purchases Tax
Exp. on l Exp. on

Imports Imports
e ¥ Producer [
ﬁcommodities Purchases
S including biofuels) '\ . .
Imports (intermediates) Exports
Rest of World
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Reviewers’ Appendix
In this appendix, we supply supplementary materials for the reviewers. This will
subsequently be available on-line. We begin by outlining the partial equilibrium model used in
the paper and then provide global maps of land cover changes, by AEZ. Finally, additional

information on the Systematic Sensitivity Analysis is provided.

A Partial Equilibrium Model of the Ethanol Market

Consider an ethanol industry selling into two domestic market segments: in the first
market, ethanol is used as a gasoline additive ( QI ), in strict proportion to total gasoline
production. As discussed in the paper, legal developments in the additive market were an
important component of the US ethanol boom between 2001 and 2006. The second market is the
market for ethanol as an energy substitute (QE ). In contrast to the additive market, the demand
in this market is price sensitive, with ethanol’s market share depending on its price, relative to
refined petroleum. For ease of exposition, and to be consistent with the general equilibrium
model, we will think of the additive demand as a derived demand by the petroleum refinery
sector, and the energy substitution as being undertaken by consumers.

Market clearing, in the absence of exports, may then be written as:

Q0 =0QI +QE (1)
or, in percentage change form, where lower case denotes the percentage change in the upper case
variable:

go=(1-a)qi+aqe (2)
where o = QE /QOQO, is the share of total ethanol output (QO ) going to the price sensitive side of

the market.
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Now we formally characterize the behavior of each source of demand for ethanol as
follows (again, lower case variables denote percentage changes in their upper case counterparts):
gi=ai+qp 3)
where Al = QI/QP is the ethanol input — output coefficient in the Leontief production function
for petroleum products, so that when MTBE’s are banned, for example, Al increases, thereby
boosting intermediate input demand. For final demand we have:
ge=q—o(pe—p) 4)
Where Q is the aggregate demand for household liquid fuel consumption and o is the constant
elasticity of substitution ( CES) amongst energy products consumed by the household. The price
ratio PE/P refers to the price of ethanol relative to a composite price index of all energy
products consumed by the household. The percentage change in this ratio is given by the
difference in the two percentage changes: ( pe— p). When pre-multiplied by o, this determines
the price-sensitive component of households’ change in demand for ethanol. Substituting (3) and
(4) into (2), we obtain a new expression for ethanol market clearing:
go=(1-a)(ai+qp)+alq—o(pe—p)] Q)
On the supply side, we assume constant returns to scale in ethanol production, which, along with

entry/exit, gives zero pure profits in the medium run:

po=Y_ &,pf, (6)
Where po is the percentage change in the producer price for ethanol, pf; is the percentage
change in price of input j, used in biofuel production, and €; is the cost share of that input.

Assuming that corn is the only input in less than perfectly elastic supply, and that it is used in
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fixed proportion to ethanol output (fixed QF,/QO ), we can complete the supply-side
specifications with the following equations:

af, =qo (7

qf, =v,_pf, (8)
where v, is the supply elasticity of corn to the ethanol sector. With pf; =0 Vj = c, we can solve
(6) for pf, =6,'po. Plugging this and (7) into (8) gives the market supply of ethanol:

qo=v.0, "' po ©)

We complete the model by allowing for ethanol subsidies. These are typically provided
in the form of blenders’ subsidies (U.S.) or tax abatements (EU). We write them here as the
power of an ad valorem equivalent subsidy: S=PO/PE, i.e. the ratio of producer to user prices
for ethanol. Totally differentiating and converting to percentage change form, we have the final
equation in the partial equilibrium model:

PO = pe+s (10)

Now, in solving this model, we will make the additional assumptions that: (a) the
aggregate price of of liquid fuels is fixed (p=0), and (b) aggregate household demand for liquid
fuels is fixed (g =0). All of these assumptions are relaxed in the empirical section of the model.
Using (10) to eliminate pe from (6) and equating supply (9) and demand (6), we can solve for
the equilibrium producer price of ethanol:

po*=[(1-a)ai+ac(p+5)]/[v. 0, ac] (11)
Where —ac =&, is the aggregate price elasticity of demand for ethanol, and v 0" = ¢, is the

price elasticity of supply for ethanol. To determine the equilibrium output, multiply both sides
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by &, to get the following (where we have used the definitions of supply and demand elasticities

given above):
qo*=¢[(1-a)ai—g,(p+9)]/[&,—&p] (12)

From (12), we can see a number of important things. First of all, the contribution of
changes in the additive requirements of gasoline to total ethanol output depend on the change in
the input-output ratio (ai) as well as the initial share of total sales going to this market segment.
The price sensitive portion of the market depends on what happens to the price of liquid fuels in
general (p) and the power of the ad valorem subsidy (S), which are additive in the solution of the
model. Their significance depends on the share of the total market for ethanol that is price
sensitive (& ) and the ease of substitution between ethanol and other fuels (o).

We also see from (12) that supply response is important. If the total availability of

feedstock (corn) 1s fixed (v, =0), then qo*=0. Furthermore, as the supply response of corn

rises (v, >>0)and the share of corn in overall ethanol costs falls (8, —0), v.8," = &, rises,

thereby boosting supply and dampening the equilibrium price change.
Equation (12) is critical when it comes to decomposing the contribution of the three main

drivers of ethanol production over the 2001-2006 period.
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I -27.10 (minimum)
[ -078

[ ] 0.05 (median)
[ ] 137

I 1357 (maximum)

Percent change in Harvested Coarse Grains Area: 2006-2015

Coarse Grains: (2006-15) USA Canada EU Brazil
Percent change 54 -0.3 -5.1 -7.2
Change in million acres 5.0 -0.1 -4.3 -2.2

Figure 1. Change in Land Area under Coarse Grains across AEZs (2006-2015)

0.88 (minimum)
6.07

10NN

12.52 (median)
16.76
78.55 (maximum) 7
b Percent change in Harvested Oilseeds Area: 2006-2015
Oilseeds: (2006-15) USA Canada EU Brazil
Percent change 6.5 19.7 534 10.6
Change in million acres 53 34 19.3 3.7

Figure 2. Change in Land Area under Oilseeds across AEZs (2006-2015)
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-11.31 (minimum)
-1.25

-0.71 (median)
-0.46

0.99 (maximum)

BU000

Percent change in physical land cover under Pasture: 2006-2015

Pasture cover: (2006-15) USA Canada EU

Brazil
Percent change -1.2 -2.6 -4.9 -2.3
Change in million acres -7.2 -1.3 -7.7 -10.3

Figure 3. Change in Land Area under Pasture land across AEZs (2006-2015).

I -12.26 (minimum)
[ ] -027

1 0.01 (median)
[ 1o

I 2.47 (maximum)

Percent change in physical land cover under Forest : 2006-2015

Forest cover: (2006-15) USA Canada EU Brazil
Percent change -0.9 -0.4 -4.3 -0.8
Change in million acres -8.0 -3.2 -15.5 -2.9

Figure 4. Change in Land Area under Forest across AEZs (2006-2015).

54




Table Al. Systematic Sensitivity Analysis (SSA) of US and EU Biofuel Mandates —
Amount of Variation of Key Parameters

Lower Upper  Standard Amqur}t of
Parameters bound Mean bound  Deviation Variation:
SD*(6"0.5)
Yield elasticity’
1 (YDE, Target) 0.00 0.40 0.80 0.163 0.400
Elasticity of
2 transformation of land -0.10 -0.50 -0.90 0.163 0.400

supply (ETRAE-2)

Elasticity. of
3 transformation for crop -0.04 -0.20  -0.36 0.065 0.16
land (ETRAE-1)*

4 Armington CES elasticity of substitution for domestic and imported (ESUBD)":

a. Coarse Grains 0.75 1.30 1.85 0.225 0.550
b. Other Grains 2.43 4.52 6.61 0.853 2.089
c. Oilseeds 2.05 2.45 2.85 0.163 0.400
d. Sugarcane 1.70 2.70 3.70 0.408 1.000
e. Other Agri 2.18 2.49 2.81 0.129 0.315

Sources: 'Keeney and Hertel (2008); *Ahmed, Hertel and Lubowski (2008);
SFAPRI (2004); *Hertel et al. (2007)



Table A2. Sensitivity Analysis of US and EU Biofuel Mandates for Variation in Key

Parameters
Land Cover | No change A\r/rarllrii]ln}[(g)n Varying Yield Cropland Harvested area
Change in Elas tifi ty elasticity Cover elasticity elasticity
0,

(%) parameters Lower Upper | Lower Upper | Lower Upper | Lower  Upper
Parameter Base 2
values —s parameters' Vary by crop 0.10 0.80 | -0.04 -0.36 -0.10 -0.90
USA
Crops 0.69 0.74 0.65 0.95 0.49 0.24 0.87 0.72 0.66
Forest -2.46 -2.68 -232 | -3.60 -1.67 | -098 -2.95 -2.82 -2.35
Pasture -3.79 -4.14 -3.59 | -5.55  -259 | -1.44 462 -3.87 -3.64
EU
Crops 2.13 2.28 2.00 241 1.84 0.61 2.97 2.34 2.04
Forest -8.21 -9.07 -7.47 | 9.74  -6.76 | -2.73 -10.80 -9.55 -7.71
Pasture -9.45 -1042  -8.66 | -1147 -7.66 | -348 -11.62 | -10.81 -8.91
Brazil
Crops 2.85 2.89 2.74 3.42 2.25 0.85 3.82 3.78 2.54
Forest -9.22 -9.38 -8.81 | -12.04 -6.72 | -3.60 -11.02 | -13.76  -7.88
Pasture -9.69 -9.95 -9.12 | -12.68 -7.09 | -3.51 -12.01 | -14.06 -8.46

Note: ' Refers to the mean values of all the four parameters presented in Table Al.
% The lower and upper bound values respectively, for all the crops were included together. The lower and
upper bound values of ESUBD for five crops considered were also analyzed when considered individually
and the results are presented in Table A3.
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Table A3. Sensitivity Analysis of Biofuel Mandates to Variation in Armington Elast of Substitution for Crops (% Change)

Harvested area All Crops Coarse Grains Oilseeds Sugar-crops Other Grains Other Agri
& land cover type PS T ower Upper | Lower Upper | Lower Upper | Lower Upper | Lower Upper
F\’,‘gﬁrgf‘i ouse, | 075 185 | 205 285 | 170 370 | 243 661 | 218 281
USA

CrGrains area 6.20 6.68 5.77 6.19 6.18 6.20 6.17 6.06 6.25 6.19 6.15
Oilseeds area 7.69 7.35 7.85 7.82 7.44 7.68 7.59 7.57 7.64 7.65 7.53
Sugarcane area -4.22 -4.38 -4.08 -4.28 -4.16 -4.22 -4.21 -4.36 -4.13 -4.22 -4.19
OthGrains area -7.38 -1.73 -7.01 -7.37 -7.28 -7.35 -7.31 -6.55 -1.77 -7.33 -7.29
OthAgri area -1.82 -1.92 -1.71 -1.82 -1.79 -1.83 -1.79 -1.89 -1.75 -1.81 -1.76
Crops cover 0.69 0.71 0.67 0.70 0.68 0.69 0.69 0.71 0.68 0.69 0.69
Forest cover -2.46 -2.54 -2.40 -2.50 -243 -2.46 -2.47 -2.54 -2.42 -2.46 -2.47
Pasture cover -3.79 -3.91 -3.71 -3.88 -3.74 -3.79 -3.81 -3.92 -3.74 -3.80 -3.82
EU

CrGrains area -8.97 -8.49 -9.33 -9.88 -8.19 -8.98 -8.90 -9.35 -8.66 -8.95 -8.85
Oilseeds area 47.82 47.62  48.11 50.12 45.97 47.80 47.95 46.91 48.52 47.85 48.05
Sugarcane area -6.56 -6.63 -6.72 -7.08 -6.35 -6.52 -6.83 -6.81 -6.61 -6.64 -6.91
OthGrains area -14.96 -15.05 -14.63 | -16.05 -13.83 | -1491 -14.74 | -12.55 -1636 | -14.86 -14.64
OthAgri area -5.41 -5.48 -5.70 -5.91 -5.33 -5.42 -5.75 -5.66 -5.58 -5.53 -5.96
Crops cover 2.13 2.15 2.11 2.23 2.04 2.13 2.12 2.18 2.09 2.13 2.12
Forest cover -8.21 -8.28 -8.08 -8.74 -7.71 -8.21 -8.14 -8.47 -7.98 -8.19 -8.10
Pasture cover -9.45 -9.53 -9.34 | -10.05 -8.91 -9.45 -9.40 -9.74 -9.22 -9.44 -9.37
Brazil

CrGrains area -10.47 -9.37 -11.00 | -10.61 -10.03 | -1048 -10.15 | -10.57 -10.09 | -10.37 -9.95
Oilseeds area 6.39 6.34 7.08 7.08 6.45 6.38 7.06 6.41 7.03 6.60 7.47
Sugarcane area 22.88 22.81 22.90 22.69 23.00 22.88 22.84 22.75 22.92 22.86 22.82
OthGrains area -17.95 -17.89 -17.07 | -18.02 -1695| -17.70 -17.21 | -1491 -18.99 | -17.54 -16.92
OthAgri area -10.58 -10.66 -11.25 | -10.70 -11.21 | -10.59 -11.30 | -10.70 -11.24 | -10.82 -11.75
Crops cover 2.85 2.86 2.80 2.88 2.78 2.85 2.81 2.86 2.80 2.84 2.78
Forest cover -9.22 -9.25 -9.04 -9.34 -8.97 -9.23 -9.06 -9.29 -9.02 -9.17 -8.96
Pasture cover -9.69 -9.75 -9.43 -9.85 -9.34 -9.69 -9.48 -9.79 -9.42 -9.63 -9.35

Note: ' Base values refer to the mean values of all the four parameters presented in Table A1.
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