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Abstract

Lowering US import barriers for Brazil’s sugarcane ethanol could boost the pro-
duction of this low-carbon renewable fuel significantly, but also lead to deforestation
in Brazil. I examine this trade-off by using annual household- and region-level data
from 1995-2005 to estimate a general equilibrium model of Brazil’s regional agricul-
tural markets, accounting for competition over land, labor, and capital. Simulations
using the estimates indicate Brazil could export more than 5 billion gallons of ethanol
with little decline in non-agricultural land. However, higher world prices of oil and
agricultural goods lead to dramatic land clearing while raising exports only 10 billion
additional gallons.
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Amid growing economic, security, and environmental concerns related to oil usage, the
United States and other countries have shown greater interest in ethanol. The 2007 energy
bill passed by the US Congress requires that the total amount of transportation fuels used in
the US contain at least a minimum level of renewable fuels, with the minimum growing over
time. For instance, renewables must constitute 15.2 billion gallons of total transportation
fuel by 2012 and 36 billion gallons by 2022[] While bio-diesel may play a role in the coming
years, this renewable fuel mandate will be fulfilled primarily through the use of ethanol. Fuel
ethanol is of growing importance in a variety of countries, but the US is the world’s largest
market for ethanol, and the renewable fuels mandate will ensure this is likely to be the case
for many years to come.

No country is in a better position to take advantage of this surging interest in ethanol
than Brazil. Brazil’s sugarcane-based ethanol has three important advantages over US corn-
based ethanol and other types of ethanol. First, beginning in the 1970s, Brazil spent a
substantial amount of government resources to develop infrastructure for ethanol production
and distribution. Second, Brazil’s natural endowments are conducive to growing sugarcane
at low cost. Third, sugarcane can be converted into ethanol with a smaller energy input than
that needed for other conventional feedstocks. Brazil is the most cost- and energy-efficient
producer of ethanol in the world, and the country has vast potential for expanding sugarcane
cultivation further.

These facts make the US-Brazil interaction a key facet of the ethanol industry going
forward. Brazil would be a natural source for the United States’ ethanol requirements,
except for one fact: The US protects its own ethanol producers with a 2.5% ad valorem
tariff and a 54 cent per gallon duty on imports. These recently extended measures have
come under increasing criticism by the Brazilian government. In fact, the government has
aggressively pitched freer markets for its ethanol as a potential “win-win,” a simultaneous
spur to rural economic growth and an environmentally friendly product ]

Nevertheless, more open markets for Brazilian ethanol generate uncertain implications
for the environment in Brazil and elsewhere. There is a crucial tradeoff. On the one hand,
Brazil’s sugarcane ethanol is a renewable, lower-carbon alternative to petroleum and US
corn ethanol. Replacing US consumers’ use of petroleum and corn ethanol with Brazilian
ethanol could therefore reduce carbon emissions sizeably. On the other hand, this additional

sugarcane has to be produced somewhere in Brazil. Brazil’s land mass features a wide array

!The “Energy Independence and Security Act of 2007” became Public Law 110-140 on December 19,
2007. The relevant portion of the law is Title II, Subtitle A, Section 202. The Environmental Protection
Agency (EPA) has the authority to implement the volume requirements with appropriate regulations.

2For instance, see “Our Biofuels Partnership”, by President Luiz Inacio Lula da Silva, in the March 30,
2007 edition of the Washington Post (page A17).



of forest and savanna land, with both carbon sequestration and bio-diversity functions. The
expansion in sugarcane production required to produce more ethanol could lead to greater
deforestation and other environmentally harmful land clearing.

This paper addresses this tradeoff by answering the research question: Would freely im-
porting Brazilian ethanol into the US lead to enough land clearing to offset the environmental
benefits of greater ethanol use?

To answer this question, it is necessary to determine how responsive Brazilian ethanol
production is to the opening of the market, and how much land will enter agricultural use
as sugarcane cultivation increases. As the US ethanol market opens, sugarcane demand will
increase. Sugarcane production in each region will respond to the resulting change in prices.
But precisely how much it will respond depends on a large number of factors. For instance,
the appropriateness for sugarcane production of land not currently used for sugarcane will
help determine the response on the extensive margin. The substitutability between labor and
capital will help determine how feasible it is to cultivate existing land more intensively. This
substitutability, along with the elasticity of labor supply and capital supply to the sugarcane
sectors, will have consequences for wages and the amount of labor used in sugarcane and
other sectors, which will in turn impact sugarcane supply. Preferences for other agricultural
goods and sugar, and the ability to import these goods to satisfy domestic demand, will
also play a role. In summary, answering the question above involves the consideration of
the intimate but complicated links between land use decisions, input markets, and product
markets.

In view of this, in this paper I develop and estimate a general equilibrium model of
regional agricultural markets in Brazil. Producers of sugarcane, other agricultural goods,
ethanol, sugar, and non-agricultural goods compete over land, labor and capital inputs.
These features are common to computational general equilibrium (CGE) models of land use,
with the most relevant to Brazilian biofuels being recent work by Onil Banerjee, Alexander
Macpherson & Janaki Alavalapati (Forthcoming). There are also studies of agricultural trade
liberalization in Brazil that have used CGE models in combination with micro-simulation
models that estimate wage equations and migration equations using a year or two of survey
data (see, e.g., Maurizio Bussolo, Jann Lay & Dominique van der Mensbrugghe (2006))[]
Unlike these models, I pursue a maximum likelihood estimation approach that estimates
most parameters of the model with one set of data over multiple years, ensuring that all key

elasticities come from one coherent estimation framework. Every error term in the model

3See Anne-Sophie Robilliard, Francois Bourguignon & Sherman Robinson (2001) for a CGE model in-
cluding parameters estimated from a self-employment/employment choice in Indonesia. For a different sort
of micro-simulation approach in Brazil, see Joaquim Bento de Souza Ferreira Filho & Mark Horridge (2009).
Thomas Hertel & Jeffrey J. Reimer (2005) provide a good overview.



has an economic interpretation, and the estimation and simulation approaches both account
for the stochastic nature of the error terms.

Heterogeneity of land quality and heterogeneity of labor supply preferences play an im-
portant role in the model. On the former count, the model is much less detailed than work
by Gerald C. Nelson & Richard D. Robertson (2008), who examine the biofuel issue using a
cross-section of highly disaggregated data on land usef_f] I complement this work by examining
the influence of labor supply decisions and using annual individual-level and aggregate data
from the 1995-2005 period to estimate a model that clarifies underlying mechanisms. De-
spite the simultaneous use of individual-level and aggregate data, my methodology imposes
constraints that ensure the logical consistency and coherence of the empirical model.

Throughout, my focus is on understanding the effects of greater international ethanol
demand on changes in land use within Brazil. My treatment of the international trade
portion of the question is necessarily simplified. Amani Elobeid & Simla Tokgoz (2008)
instead focus on the international ethanol market in their CGE examination of the effect of
removing US trade barriers on trade and production of ethanol, and I use two elasticities
from these authors in the international component of my modelE] While labor supply is
a critical component of my model, the framework is too highly aggregated and focused on
land clearing to provide a detailed understanding of workers’ wages. Ekaterina Krivonos &
Marcelo Olarreaga (2009) instead focus on the effects of sugarcane expansion on Wages.ﬁ

After estimating the model, I use the parameters to predict the consequences of increasing
international ethanol demand. I find that Brazil could increase ethanol exports sharply in
response to a removal of US import restrictions with little or no effect on non-agricultural
land. Holding production shocks and exogenous variables constant at their 2005 values, a
removal of the import tariffs is predicted to lead to an additional 4.8 billion gallons of ethanol
exports. To provide an idea of how large this is, consider that total ethanol production in
the US in 2007 was 6.5 billion gallons. A diversion of sugarcane from sugar production
and a decrease in other agricultural land allows this gain to come at no cost to total non-
agricultural land in most of Brazil. In fact, wage spillovers in other agriculture make it less
profitable, leading to predicted increases in non-agricultural land in most areas. I examine the

sensitivity of this result to uncertainty by drawing vectors of production shocks, computing

4For other detailed studies of land use, but using a CGE approach, see Angelo Gurgel, John M. Reilly
& Sergey Paltsev (2007) and Jerry M. Melillo, John M. Reilly, David W. Kicklighter, Angelo C. Gurgel,
Timothy W. Cronin, Sergey Paltsev, Benjamin S. Felzer, Xiaodong Wang, Andrei P. Sokolov & C. Adam
Schlosser (2009).

SFor a detailed empirical analysis of ethanol imports from Brazil, see Barbara Farinelli, Colin A. Carter,
C.-Y. Cynthia Lin & Daniel A. Sumner (2009) and Hyunok Lee & Daniel A. Sumner (2010)).

6See, also, Alexandre Rands Barros, Tiago V. de V. Cavalcanti, Fernando Mendonca Dias & Andre Matos
Magalhaes (2005) and Marcia Azanha Ferraz Dias De Moraes (2007).



equilibria under each one, and then examining the distribution of key quantities across the
simulations. The basic result continues to hold. Consequently, Brazil could provide enough
ethanol to have a significant impact on the use of renewables in the US with little effect on
its most environmentally sensitive areas.

I conduct two additional simulation exercises to address other pertinent concerns. In the
first, I not only remove US import barriers, but also increase the price of other agricultural
goods by 20%. Increases in soy prices in recent times makes this a relevant exercise. This
leads to large simulated declines in non-agricultural land. This is exacerbated in the second
exercise, where I additionally increase the world price of petroleum over the 2005 baseline by
20%, bringing the price to around $60 per barrel. This shock to ethanol demand dramatically
increases ethanol production and exports. At 2005 values of the production shocks and
exogenous variables, ethanol exports climb to over 16 billion gallons. The median over the
set of simulations allowing for random draws of production shocks is just under 15 billion
gallons. To put this in perspective, note that with 13 billion gallons of ethanol, the US could
have used ten percent ethanol blends in all of its gasoline consumption in 2007.|Z| However,
the cost in terms of lost non-agricultural land is large, more than 100 million acres relative
to the baseline when using 2005 values, with large swathes coming from a region with a
substantial amount of Amazon Rainforest. The results suggest that the tradeoff between
greater ethanol exports and more land clearing is non-linear and dependent on economic
factors relatively external to Brazil, such as petroleum prices.

This paper provides a new perspective on the debate over Brazilian ethanol by accounting
for input and output market linkages in an approach that estimates all key elasticities with
one set of individual-level and aggregate data, in one coherent framework. But there are
important limitations to the results. For instance, limitations to the labor force data prevent
me from examining the sparsely populated region of the country with the densest areas of the
Amazon Rainforest. As another example, behavioral responses not accounted for here — on
the part of government or private actors — could alter the outcomes signiﬁcantlyﬁ I focus on
potential declines in non-agricultural public land, since this seems of first-order importance
in Brazil. But the degree to which changes in planted and natural forests occur on privately
owned land could affect my results in important ways (see, for instance, Andrew Foster &

Mark Rosenzweig (2003) on village forest land in India) ] Additionally, future improvements

"Most vehicles in the US cannot run entirely on ethanol. For the source of these numbers, see the
Department of Energy article at http : //appsl.eere.energy.gov/news/news_detail.cfm/news_id = 11633.

8For studies examining the management of forests by communities in developing countries, see, for ex-
ample, Eric Edmonds (2002) and Jennifer Alix-Garcia (2007).

9The most recent Agricultural Census suggests that the majority of privately owned natural forest land
in Brazil is used for uses other than sustainable wood products, including the grazing of animals and growing
of particular crops. These private forests may therefore be less acceptable from an environmental point of



in infrastructure — such as new road networks or new ports — could have important effects
(see, e.g., Alexander Pfaff (1999)) [ I discuss these and other limitations in the conclusion.
The framework presented here could be fruitfully adapted to address many of these points
in the future.

The remainder of the paper proceeds as follows. Section 1 describes the data sources.
Data availability helps dictate modeling choices later in the paper. Section 2 provides an
overview of sugarcane and ethanol production in Brazil, in addition to its geographic rela-
tionship to key environmental land. The discussion motivates the need for a model. Section
3 develops the model, while Section 4 describes the structural estimation approach and
presents the estimation results. Section 5 discusses the methods used in the policy simula-
tions, as well as the simulation results. Section 6 discusses the most important limitations

of the model and concludes.

1 Data

Here, I describe the primary data sources briefly. For further details, please see the appendix.
The analysis requires information on several economy-wide aggregates. To construct aggre-
gate sugar and ethanol supplies, I use data from the Ministry of Agriculture, Livestock, and
Food Supply. The price data come from Fundacao Getulio Vargas (FGV), a foundation that
compiles a large amount of economic data for Brazil. 1 also require data on total regional
production, national capital investment, government spending, and net exports (overall,
agricultural goods, ethanol, and sugar). For this purpose, I use national and regional in-
come accounts data from Instituto Brasileiro de Geografia (IBGE), and data on imports and
exports from Brazil’s Secretaria de Comercio Exterior (SECEX).

The empirical analysis also requires an estimate of the total value of production in,
and total amount of land devoted to, sugarcane and other agriculture in every region and
year. For information on production and land allocations by state, I use the Producao
Agricola Municipal (PAM). The PAM does not capture four types of land uses: pasture
land; land temporarily at rest; forest land; and land used for minor crops (a problem in
the 1981-1989 period). To address this problem, I use data from the 1980, 1985, 1995,
and 2005-06 Agricultural Censuses, which contain information on pasture, forests, and all
other agricultural land (at rest or otherwise). I also use annual data on cattle herd sizes from

Producao Pecuaria Municipal (PPM), and IBGE data on the total value of forest production.

view. To the extent that privately managed production on forest land is instead environmentally sustainable
and non-invasive, my results could over-state the threat to environmentally sensitive areas.

107 also rule out endogenous improvements in agricultural technology. See, e.g., D.A. Hay (2001) on
Brazilian manufacturing during trade liberalization.



With these data sources, I use simple extrapolation procedures to project total agricultural
area in the years of my analysis. Finally, the PAM data do not provide the total value
of agricultural production for all years. For this purpose, I use regional income accounts
information for the 1985-2005 period.

For information on the labor supply decisions of individuals and sectoral wages, I rely on
the Pesquisa Nacional por Amostra de Domicilios (PNAD). The PNAD is a cross-sectional
representative household survey collected by IBGE. On average, the PNAD surveys roughly
100,000 households each year. In the figures below, I will use PNAD data from 1981 through
2005, and in the estimation I use PNAD data from 1995-2005["] The only region of the
country not represented fully in the PNAD sample is the North Census region[”] This will

prevent me from addressing the sugarcane markets in the Northern portion of the country.

2 Brazil’s Sugarcane and Ethanol Industries

This section describes aspects of the sugarcane and ethanol industries that are essential to
understanding the debate behind the research question and to motivating my model. I begin
by discussing the location of forest and savanna land within Brazil and then presenting a

regional classification system used in the remainder of the paper.

2.1 Areas of Environmental Concern

The areas of primary environmental concern are the Amazon Rainforest, the Atlantic Rain-
forest, and the savanna land known as the C’ermdo.[r_g] Of these, the Amazon has received
the greatest attention in popular discourse, both because of its bio-diversity and its carbon
storage potential. However, as illustrated in Nelson & Robertson (2008), the Atlantic Rain-
forest and the Cerrado are also environmentally important areas, because of the housing of
various species and carbon storage.

Figure [1] illustrates the location of the various biomes within Brazil. Large swathes
of the country fall under the Amazon Rainforest (Amazonia), Atlantic Rainforest (Mata
Atlantica), and Cerrado biomes. Despite the extent of the biome in the map, the Atlantic

Rainforest today is often sparse and exists primarily as a thin strip along the length of

1Tn 1991 and 2000, the PNAD was not conducted because those were national demographic census years.
In 1994, the PNAD was not conducted due to other constraints. Although I have the national census data
for 1991 and 2000, these were conducted at different times of year from the PNAD, making comparisons
difficult in the agricultural sector.

12The rural parts of the six states in the North region are not represented through 2003. In the 2004 and
2005 data, this deficiency has been remedied, and the PNAD is now nationally representative.

13The Pantanal, in Mato Grosso and Mato Grosso do Sul, is another ecologically rich area, but the threats
to these wetlands may not come from agricultural expansion.



Brazil’s eastern coast. In both the Amazon and Atlantic Rainforests, the holding of a certain
percentage of private land as forest is legally mandated and there are also public reserves,
though enforcement is minimal@ Regarding the Cerrado savanna lands, large swathes of
this scrubby vegetation area are already under agricultural use, and there is intense concern
about further expansion.

Figure [2| presents the regional classification that I will use in the remainder of the paper.
Table [1] lists the states composing each region, with the first and second column providing
the number and “shorthand reference” that I use to refer to each region in future tables and
figures. The table also shows how each of my regions come together to form the government-
defined “Census regions.” To avoid confusion, whenever I use the term “region” in the
paper, I am referring to my definition of the seven regions and not the Census deﬁnition.ﬂ
In the analysis, I am unable to include the sparsely populated North Census region. This
is unfortunate, given that the majority of the Amazon Rainforest is located in this regionm
However, the Mato Grosso region contains a significant acreage of rainforest, and the other

regions I consider include the Atlantic Rainforest and the Cerrado.

2.2 Factors Affecting Sugarcane and Ethanol Production

With this context in mind, we can examine the regional pattern of sugarcane production
to better understand the debate over Brazilian ethanol. Four factors help to determine the
appropriateness of land for sugarcane production: reliability of precipitation at particular
points of the growth cycle; soil composition; land gradient; and distance to the nearest sugar
mill or ethanol distillery. The gradient of the land is important because flatter land is easier
to harvest, either with manual harvesting or — if the capital is available — mechanical har-

vestingm Sugar mills and ethanol distilleries are typically near sugarcane fields: sugarcane

4 Note, however, that Pfaff (1999) suggests that compliance is more prevalent than commonly thought.

15T choose to group states together into regions based primarily on geographical proximity, but also consider
anecdotal evidence about the integration of labor markets. In determining the number of regions, I strike
a balance between, on the one hand, using so few regions that important heterogeneity within regions is
neglected and, on the other hand, using so many regions that the household survey does not contain a
reasonably large number of sugarcane workers in some regions. I sometimes refer to region 5 as the “Center-
West,” even though Tocantins is technically a part of the North census region, and not the Center-West. I
do so because Tocantins was once connected to Goias.

16The North Census region is a small, though non-trivial, part of the economy. In a recent year, about 5%
of GDP was produced in the North. Using the household survey data described below, I find that in 2005,
approximately 6.3% of the over-15 population lives in the North, and approximately 6.6% of over-15 workers
are located in the North. To assess the importance of omitting the North for this analysis, one could look
at migration rates into the North using the post-2003 data.

1"The majority of production shifted from the Northeast to the Center-South of Brazil by the 1950s, partly
because of the advantage of flatter lands. The Northeast still produces sugarcane, sugar, and ethanol, due
in part to seasonal patterns of production across Brazil. Barbara Nunberg (1986) describes this historical
shift and Brazil’s sugarcane policies before the 1980s.



is sold almost entirely to either mills or distilleries, and fields are typically located relatively
close to these facilities since transportation over long distances is expensive and results in
deterioration in the quality of the harvested sugarcane.

At the same time, other factors are at work, factors not considered in the model below.
The largest such factor is government policy.ﬂ Until 1997, the Brazilian government inter-
vened strongly in the sugarcane, sugar, and ethanol markets. The Instituto do Acucar e
do Alcool (IAA) operated a system of quotas and price controls for sugarcane, sugar, and
ethanol over a period of 60 years. As time went on, the system of quotas and administered
prices came under increasing pressure. In 1990, the IAA was abolished and sugar exports
were privatized. In 1995, sugar quotas were ended, and from 1997-1999, prices for sugar,
ethanol, and sugarcane were liberalized. For simplicity, the model assumes a free market
for the entire industry during the entire 1995-2005 period. While the adequacy of this as-
sumption for sugarcane and ethanol should be examined in the future, Steven M. Helfand
(2003) shows that through the 1990s, domestic sugar prices moved roughly in tandem with

international sugar prices.

2.3 Patterns of Sugarcane Production Across Space and Time

One line of argument points to the current distribution of sugarcane production across Brazil
to suggest that any future sugarcane expansion might take place primarily in Sao Paulo, Per-
nambuco, and possibly other states in the South-Southeast. This would limit consequences
for the Amazon or the Cerrado, as long as the migration of displaced other agriculture is
not extensive (a point returned to below). To illustrate the regional distribution of produc-
tion, Table [2 shows land allocations and production quantities in 2005 for all seven regions
used in the analysis. The Pernambuco region and the South-Southeast portions of the coun-
try dominate sugarcane production. The differences in sugarcane production across regions
translate naturally into differences in ethanol and sugar production. Table |3| displays differ-
ences across regions in ethanol and sugar production, as well as the value of that production.
These numbers suggest that many parts of the country face little threat from expanding
sugarcane production, since their current contribution is so marginal.ﬂ

However, historical land use patterns make clear that technological changes and other

18For major events in government policy, see Geraldo Sant’ana De Camargo Barros & Marcia Azanha
Ferraz Dias De Moraes (2002), Mauro De Rezende Lopes & Ignez Vidigal Lopes (1998), and Brent Borrell,
Jose R. Bianco & Malcolm D. Bale (1994).

YFigures [6] and [7] in the appendix illustrate the regional distribution of production in 2007. The first
figure divides the hectares of cultivated land in Brazil’s counties into eight quantiles, and depicts areas in
higher quantiles with darker colors. The second figure instead classifies the counties into eight bins of equal
size, defined by the absolute level of hectares cultivated with sugarcane. The second figure makes clear that
the majority of sugarcane in Brazil still comes from Sao Paulo.



pressures can quickly lead to changing patterns of cultivation. Consider Figure [3 which
shows sugarcane land shares (top row) and production totals (bottom row) over time for
each region, relative to 1990. The top panel shows the trends for the four regions in the
Center-South, and the bottom panel refers to the regions in the Northeast. In all the regions,
sugarcane land grows over the 1981-1990 period, though data for the Mato Grosso region are
not available in this period. Since 1990, the picture is very different. In the Center-South,
all regions except Minas Gerais show growth since 1990, while no regions in the Northeast
show growth since 1990. The strongest relative growth is in Mato Grosso.m These figures
tell a very different story from the cross-sectional distributions, and suggest that growth in

sugarcane cultivation may not be confined to Sao Paulo and Pernambuco.

2.4 Motivating the Model

The movements over time and the cross-sectional distributions of regional sugarcane pro-
duction are each consistent with one line of argument in the ethanol debate in Brazil. In
reality, both the patterns across space and those across time are the result of a complicated
set of interactions among underlying forces, including the demand and supply of inputs, the
re-location of non-sugarcane agricultural production amid sugarcane growth, and more.

As an example, consider the roles of labor and capital in regional sugarcane production.
The household survey data, in combination with the data on sugarcane production, reveal
substantial regional differences in labor productivity (output divided by labor hours). Table
[4] shows median hours of work and estimated total number of workers in 2005 in each sec-
tor/region combination. By comparing this with the production totals in Table , one sees
that the Center-South regions have a strikingly higher level of production per hour of labor.
Considering the previous figures, this suggests the regions with greatest labor productivity
have seen the greatest growth in sugarcane production in the 1990s.

One possible explanation for this is that the difficulty and health consequences of sugar-
cane work make it hard to attract labor into the sector. E Consistent with this, sugarcane
wages are generally higher than wages in other agriculture. Figure|l1| (appendix) depicts the
evolution of median hourly wages in sugarcane, other agriculture and non-agriculture in each

of the seven regions.@ For many of the regions, there is a persistent gap between sugarcane

20To put these patterns into context, Figures || and |§| in the appendix illustrate the changes over time
in the prices of sugarcane, sugar, and ethanol (and petroleum, for comparison). Figure in the appendix
compares changes in the relative price of sugarcane to the relative price of “other agriculture.”

2lFor instance, manual harvesting of sugarcane involves the pre-harvest burning of fields to ease the
harvesting process by eliminating pests, etc. The smoke is an immediate health hazard.

22 A1l wages are in 2000 Reais, and the Real/US Dollar exchange rate was approximately 1.84 Reais per
US Dollar at the time.

10



wages and other agricultural wages ] Regions that have higher labor productivity may shift
into capital more quickly as wages are bid up, enabling them to expand easily in the face of
increasing demand for ethanol and sugar. Even these regions will face severe constraints to
expansion eventually because of the finite supply of capital and high-quality land.

The merit of this explanation — and its implications for future sugarcane expansion —
cannot be deciphered from the figures and tables alone. The model developed below is
a vehicle to disentangle these and other underlying forces and predict the response to an

opening of the US market to Brazilian ethanol.

3 Model

I cover the key aspects of the model in this section, and I leave details to the appendix.
The model is static. The economy contains seven regions, detailed in Table [1| and depicted
in Figure Wages differ across these regional markets, but I assume all other prices are
national. In each region, firms produce one of five goods: sugarcane, another agricultural
good (which I will call “other agriculture”), ethanol, sugar, and a composite consumption
good. Sugarcane is an intermediate good that is purchased only by ethanol producers or sugar
producers. Ethanol, sugar, the other agricultural good, and the composite consumption good
are all final goods, either consumed by individuals in the Brazilian economy or exported.
In the following sub-sections, I discuss each of the model’s components separately. [
describe the individual utility maximization problem underlying aggregate labor supply and
product demand and the parcel-specific profit maximization problem underlying aggregate
supply and labor demand in the sugarcane and other agriculture sectors. In the appendix,
I use these underlying problems and assumptions about the distribution of heterogeneity to
produce expressions for corresponding economy-wide aggregates. All other components of
the model deal directly with economy-wide aggregates. The role of the government is left to

the appendix.

3.1 Individual Utility Maximization

In period ¢, individual ¢ chooses consumption levels, whether or not to work and — if she

works — a region-sector combination s and hours of work ] The individual’s choices happen

23In Mincer regressions not shown here, I examine the role of crop-specific wage premia for agricultural
workers. I regress the logarithm of wages on controls for year, age, education, literacy, and gender, as well as
on dummy variables for specific crops and livestock. I find large wage premia in sugarcane. This finding is
not driven by the fact that the PNAD takes place during the sugarcane harvest. Using data from the 2000
Census, which takes place at a different time period, I find the same feature.

24The vast majority of workers in Brazil report working in only one occupation. Using the PNAD, I find
that in 2005, the share of all workers with hours in a second job is less than 5%, and less than 9% for

11



simultaneously, in a static setting with no uncertainty. I use a Cobb-Douglas utility function
because it simplifies aggregation (see, e.g., Angus Deaton & John Muellbauer (1983) and
Richard Blundell & Thomas MaCurdy (2008)). The individual’s maximization problem is:

MaTy;, i, .5i Z 1(]lt = S)[ﬁln<€lt) + ln(cit) + Kst + nz’st]

s

subject to ¢;; = (yeit)””(ysn)”“ (yait)”‘“(yoit)”"t(ym)”“, Uiy <T, 0y >0,y >0 Vzand

Wi, T+ 1Ky + T — Ty = Wy, Lit + PotYoit + P2tYar + PetYeit + DstYsit + TeYkit

The region-sector choice is denoted by j; and leisure is £;;. Meanwhile, vyo,Ya,Ye,ys, and
Yy, are the amount of the composite good, the other agricultural good, ethanol, sugar, and
capital that the individual consumes. The price of good x is given by p,, with r; denoting
the capital price and py; denoting the price for the other agricultural good. The wage that
the individual faces in the chosen market-sector, wj,,, is common across all individualsﬂ
The time and capital endowments are T' and Kj;; the former is common across individuals
but the latter is not. Land profits appear as 7; and net taxes are 7;;. Denote total non-labor
income as M,;;, with M;; = K + mi — T

Having individuals value holding capital is unconventional. However, this is the simplest
way to maintain consistency with the national income accounts in a static setting. I treat
capital analogously to labor; each individual has a capital endowment and chooses to rent
some of it out and hold the remainder@ Since capital does not have natural units, I assume
that the aggregate capital stock in the economy moves one for one with the total number of
individuals. This pins down the units of capital and the rental rate.

The remaining facet of the maximization problem is the set of items describing prefer-
ences. To begin with, the additive term kg gives preferences for a particular region-sector
combination s that are common across individuals. I parameterize kg as kg = ks + @s. The
st terms are region-sector-year specific shocks to preferences common across individuals.
Heterogeneous preferences for a region-sector combination arise in 7;,. Unemployment is
also a sector, denoted with s = 0, and I treat it analogously to region-sector combinations

for work (subject to the additional assumptions below)m

self-described employers. While these numbers are higher — and have an increasing trend over time — for
agricultural workers, even the percentage for agricultural employers does not increase past about 15%.

25In practice, I use the median wage in a sector/region as the wage for that sector/region.

268ee Lars A. Bovenberg, Larry H. Goulder & Mark R. Jacobsen (2008), who make the same assumption.
For convenience, we can think of this as individuals holding goods for future consumption.

2TFor simplicity, I consider the value of unemployment to be the same regardless of where people live.
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Regarding items governing the marginal utilities of consumption and leisure, I assume the
share parameters 3, Yot, Vet; Vst, Vat, and i are common across individuals, with G+ . v =

1. T allow the v parameters to vary by year, subject to year-specific shocks. In particular, I

ﬁ) exp(a;+0d;¢)
1+ explaj+d;e)’

preferences and a, = d, = 0 is a normalization. Together with the condition that 0 < 3 < 1,

use the parameterization v; = (1 — where the § are year-specific shocks to
this parameterization ensures that the v parameters remain in the unit interval.

I treat individuals who declare themselves as employers, self-employed, or non-remunerated
family workers analogously to wage laborers. Employers and the self-employed work in their
chosen sector for the same wage as other hired laborers in that sector, and profits from their
enterprises accrue to them as non-labor income. A producer (employer or self-employed)
is indifferent as to whether a unit of labor comes from a household member or someone
outside of the household. At the same time, a member of a farm household is indifferent
between working inside the household or outside the household. These assumptions ensure
that producers maximize profits independently of their work decisions@

In the appendix, I present expressions for aggregate product demand based on this indi-
vidual maximization problem. I also use assumptions about the distribution of heterogeneity

to derive expressions for aggregate labor supply to each region and sector.

3.2 Parcel-Specific Profit Maximization

This section describes the portion of the model covering agricultural production and land
use. Land owners use their land for sugarcane production, agricultural production, or non-
agriculture@ I assume the production function for sugarcane and other agriculture on a
parcel of land takes a CES form, with labor and capital as inputsm

Yire(Ljre, Kjres wgee) = €79 (1= o) Ky + 0y L) "P - for j=1,2

where oy = mﬁ’ pjr < 1,and 0; < 1. Lj; and Kj,; indicate the amount of annual labor

hours and capital used on the parcel of land.
The amount of production a parcel can generate with a given amount of labor and capital

depends on the scale term in production, which is e’ %t in use j, where Ajrt is a region-

28See Pranab Bardhan & Christopher Udry (1999)) on “separation.” Fixed costs to working outside the
household, or other labor market frictions, could undermine this assumption. Calculations with the PNAD
data for households with someone working in agriculture show that after 1992, between 20 and 25% of
households contain both a self-employed person/employer and a hired laborer.

29Gee Alberto Valdes & Johan A. Mistiaen (2003) on the limited prevalence of renting.

300ther inputs do not enter the production function due to data constraints, since information on other
inputs is only available during agricultural census years. Differences in parameters across regions will in part
reflect differences in usage of other inputs.
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time-specific indicator of land quality that is common across all parcels in region r and ;¢
is the portion of land quality that is heterogeneous across parcels. This term refers to the
quality of a parcel of land in a particular use.@ In sugarcane production, for example, quality
differences arise through differences in distance from the closest mill or distillery, availability
of irrigation, weather, and land gradient. With these assumptions, it is straightforward to
perform the optimization and write expressions for optimal product supply, labor demand,
and profits on each parcel as a function of wages, the rental rate, and land quality.

To determine the use to which a parcel of land is allocated, the profits from the two
agricultural endeavors - sugarcane (j = 1) and other agriculture (j = 2) - are compared to a
threshold. This threshold indexes two characteristics that are monotonically and positively
related to the “quality” of untouched forest land: one, the expected penalty imposed by
the government for developing the land; and two, the cost of preparing the land for use
in agricultural production. That is, the government will be more likely to penalize the
development of the most environmentally important forest areas. These areas are also likely

to have the largest cost of development [

Let j = 3 denote the non-agricultural use. The parcel is used for j if and only if 77,, > 7,
for k # j, where 73, = ettt and
W;frt =mazr,,, K, €7 PitYire(Ljre, Kjres Wire) — Wire Ljry — 170K jry] forj=1,2

The output price and regional wage are p;; and wj,;. The vector (K14, ko) can be viewed as
frictions in the agricultural output market; those who farm land lose a portion of the profits
due to frictions. I set x1,; = 0 since it cannot be identified, and hereafter use x,; to refer to
other agriculture.ﬁ

This set-up necessitates additional assumptions to ensure coherence of the model. First,
if the government fines an agricultural producer, I assume this fine is returned to individuals
in lump-sum fashion, so that net transfers from the government are unaffected. Second, any

fixed costs paid to prepare land for production are assumed to be a transfer from agricultural

3!My approach is closely related to the approach used in Christopher Timmins (2006). The notion of
“effective land units” is analogous to a Roy model for labor supply decisions. For a classic discussion, see
for instance James J. Heckman & Guilherme Sedlacek (1985).

32This approach to non-agricultural land use is not fully satisfactory. A (likely small) portion of land is
used for industrial development or residential housing in urban areas. Moreover, landowners sometimes hold
land purely for speculative or savings purposes, and do not use it in agriculture for this reason. See, e.g.,
Juliano Assuncao (2006) and Gervasio Castro de Rezende (2002).

33 Another way to interpret these parameters is as static optimization error: people incorrectly perceive
agricultural returns or are unable to respond completely to current agricultural returns because of dynamic
considerations. From a practical point of view, without the vector of k’s, the model imposed too tight a
relationship between shares of land and production in preliminary estimation.
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producers to other individuals in the economy. This leaves total non-labor income unchanged.
Third, and similarly, if x,; is viewed as a measure of relative “frictions”, those agricultural
profits lost in transactions accrue to some individual in the economy.

Solving the profit maximization problem above indicates the use of each parcel, as a
function of parcel-specific unobservables (1, Uz, us,). In the appendix, I use distributional
assumptions on the parcel-specific heterogeneity to aggregate over the parcels in each region

and produce expressions for aggregate product supply and aggregate labor demand.

3.3 Non-Agricultural Good Production and Input Demand

In the production of sugar and ethanol, substitution possibilities between sugarcane and
other inputs are extremely limited; a producer cannot easily economize on sugarcane by
using more of other inputs. Therefore, I use Leontief production functions for sugar (s) and
ethanol (e):

Y = min {ajtyijrta 5jtKjrt} Jor j=s,e

where Vi, and K, are the amounts of sugarcane and capital demanded by producers of
good j . While By, = [, for all ¢, | assume that gy = e® et q = et and (B, = ePeteen
where €4, €., and €, are shocks to production.ﬂ

For simplicity, I assume that production of the composite good is Cobb-Douglas, taking
capital and labor as inputs. The production function for each region 7 is:

_ Bort 7-1—LBort
ifort - ZortL ot Kort o

ort

1

e ¢0T+€grt = —
where Zort € ) ﬁort 1+650T+€Zrt

, and €8, and €? , are region-year-specific shocks.

3.4 International Market

I model the interaction between Brazil and the rest of the world in a very simple way. All
final goods can be exported and imported. I assume that the prices of the other agricultural
good and the composite good are determined outside of Brazil.@ Net exports of the other
VX, VX, and

agriculture good, ethanol, sugar, and the composite good are denoted by Y.¥ i

at

34Tt is not possible to clearly identify those who work in the ethanol and sugar industries prior to 2004 in
the PNAD. Consequently, I omit labor from the ethanol and sugar production functions.

35Though I assume independence for simplicity, in practice the shocks to production should be correlated,
partly because in some cases sugar and ethanol are produced in the same facility.

36This assumption is less controversial for the case of agriculture than for the composite good, which
includes services. Brazil’s trade barriers in agriculture fell markedly in the early 1990s. Helfand (2003)
illustrates how, once changes in real exchange rates are accounted for, domestic agricultural prices moved
closely with international prices during the 1990s.
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For the functions determining net exports of ethanol and sugar, I rely heavily on a
simplified version of the model used by Elobeid & Tokgoz (2008).|3_TI For ethanol, I assume:

respectively. 1 assume that the total value of net exports is zero.

}/ei( = Ze + BD(tepet + de)(I*) + ﬂpppt - ﬁS(tepet + de)(I*) + €zet

Here, the intent is to capture net demand for Brazilian ethanol from the US, where #p and (g
are parameters based on US demand and supply elasticities from Elobeid & Tokgoz (2008),
t. is the tariff rate of 1.025 and d, is the duty of 0.54 US cents per gallon, converted into
Brazilian Reais. Unexplained net exports are given by the shock €,.;. I* takes a value of 1
if net exports are positive, and zero otherwise. If I*x = 1, then the import restriction-based
world ethanol price is low enough to be relevant in the US. I estimate z. and (3,.

For sugar, I assume:

X
Y;t = Ts + QpPst — ASPst T Exst

where ap governs the price response of international demand for sugar and ag governs the
price response of international supply of sugar. For these values, I used a value in the range
of the relevant elasticities in Elobeid & Tokgoz (2008) for the largest sugar producing and

consuming countries. Here, €,4 is a shock and x; is a parameter to be estimated.

3.5 Equilibrium

These components come together to form a market equilibrium. The only “exogenous”
variables are: prices of the other agricultural good, the composite good, and petroleum;
total population; total capital stock; government tax revenue; and the total amount of land
in each region. All other variables are determined endogenously, based on the exogenous
variables, the parameters, and the values of the shocks. I define equilibrium formally in
the appendix; it involves market-clearing in goods, labor, and capital markets, zero-profit

conditions, an economy-wide budget constraint, and zero total net exports.

4 Estimation

Next, I move to estimation. Dale W. Jorgenson (1998a) and Dale W. Jorgenson (1998b) pro-
vide an overview of estimation of large-scale macroeconomic models. Here, I use individual
and aggregate data to estimate a model derived from underlying heterogeneity of individual

preferences and land quality. In this way, this paper is more related to the relatively recent

37Details about the choices of coefficients are available on request.
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work on dynamic general equilibrium models with individual labor supply and human capi-
tal decisions (see seminal papers such as James J. Heckman, Lance Lochner & Christopher
Taber (1998) and Donghoon Lee & Kenneth I. Wolpin (2006)). I restrict myself to a static
setting to explore cross-region patterns and deal with data limitations. In exchange for my
simpler setting, I incorporate an intensive margin of work hours, give an economic role to all
shocks, and use an estimation approach that guarantees the existence and local uniqueness
of a vector of production and preference shocks that produces the equilibrium quantities in
each year of the data.

The last feature relies on my use of maximum likelihood. Most existing work on empirical
general equilibrium models uses SMM or GMM methods, due to problems with MLE (See,
e.g., Heckman, Lochner & Taber (1998), Lee & Wolpin (2006)). However, I pursue the MLE
approach for four reasons. First, maximum likelihood ensures that all the constraints implied
by the equilibrium system are accounted for. It would be possible to implement all these
constraints in a more agnostic method of moments approach, but it would require a great deal
of caution. Second, using GMM and SMM does not address the more fundamental economic
problem of existence and uniqueness of equilibria. With SMM, for example, we know that at
all the error draws used in the calculation of the moments, one has an equilibrium. However,
this does not guarantee the existence (or local uniqueness) of an error draw that can result
in each equilibrium we see in the data. Third, for the simulations I need to know what
distribution to draw the errors from. Even with GMM, I would then be forced to make
stringent distributional assumptions. Fourth, MLE dictates exactly what moments to use,
while GMM and SMM would force me to choose moments somewhat arbitrarily. To be sure,
in small samples it is unclear if the MLE moments are any “better” than the GMM/SMM
moments, even assuming the distributional assumptions hold.

MLE has its own obstacles 8] The small number of observations force me to make strin-
gent assumptions about the independence of unobservables to secure identiﬁcationF’_g] An-
other problem is that there is no guarantee that every possible combination of the error
terms allowed by the normality assumptions has an equilibrium for the endogenous variables
associated with it. Even if a solution exists, there is no guarantee that it must be unique.
(For a brief discussion of these issues, see for instance Takeshi Amemiya (1985)). Therefore,

the normality assumptions do not capture restrictions on the possible distribution of the

38Ray Fair & William Parke (1980) compare MLE to non-linear 3SLS and 2SLS. See also Ray Fair & John
Taylor (1983).

39In a linear FIML model without constraints on the contemporaneous correlation of the error terms,
identification is impossible if the number of observations is smaller than the sum of the number of endogenous
and exogenous variables in the model (see J.D. Sargan (1975)). The independence assumptions below help
substantially, turning portions of the problem into simple OLS.
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error terms that are implicit in the model.
Keeping these limitations in mind, the following sub-sections describe my MLE approach,

and present estimates of the model.

4.1 Estimation Procedure

Here, T outline the estimation procedure. Theoretical identification of the labor supply
parameters using only the aggregate data, if even possible, would rely heavily on the non-
linearities of the labor supply functions. Given the small sample size, identification using only
the aggregate data would be practically difficult regardless. Therefore, I proceed with a two-
step estimation procedure. First, I estimate the labor supply parameters using an individual-
based likelihood function. Second, I maximize a likelihood function that comes from writing
down the density of the aggregate endogenous variables. I outline these steps below. In
the appendix, I specify my distributional assumptions, explicitly state the parameters to be

estimated, and present the components of the likelihood functions in detail.

4.1.1 Likelihood of Individual Labor Supply Decisions

For each individual, we potentially observe four choices: whether or not they work, the
region of work, the sector of work, and hours. The last three are observed only for those
individuals who work. The likelihood function conditions on the vector of region-sector wages
w;, and national-level non-labor income M;. Let d;; = 1 if individual ¢ works, and equal zero

otherwise. The likelihood function is:

N¢
L= H H [Pr(dis = O, My)]' H[Lit(dit =1, hijee, s = (1, §) [, My)]Hiet (eie=(r)

t =1 rj

where h;j¢ is the hours choice and s;; is the region-sector choice, with s;; taking a value (r, j),
forr=1,...,7and j =1,2,3. Here, 1(s;; = (r,7)) is an indicator function taking a value of
one if the chosen region-sector is (r,j). The expression for L;(dit = 1, hijpe, Sie = (1, 7)| W, My)
and details of the likelihood function appear in the appendix.

I take two steps to ensure the coherence of the individual-level estimates with the ag-
gregate economy["V| First, I ensure that in any given year, the expected value of non-labor

income will equal per-capita non-labor income in the aggregate data. Second, I constrain

4OThere is an alternative approach to estimation that can avoid the separation of the individual estimation
from the aggregate estimation. The procedure is related to the “Micro-BLP” approach, presented in Steven
Berry, James Levinsohn & Ariel Pakes (2004). Unlike in the Micro-BLP case, there is no clear guarantee
that one can find a parameter vector such that all the non-linear constraints are satisfied.
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the ¢ preference shifters to approximately ensure that the analytical expression for aggre-
gate labor supply to any region-sector combination is equal to aggregate labor hours in that
region-sector in the data. In the constraints, I use a first-order Taylor expansion of the labor
supply expressions as a function of wages, non-labor income, and the shocks ¢+, expanded
about region-sector-specific average wages, average per capita non-labor income over the ten
year period, and a value of zero for all the shocks. From these expressions, I can solve for
the ¢+ and substitute these back into the likelihood function. ﬂ

I maximize the resulting likelihood function using simplifications for computational pur-
poses. First, the probability of being unemployed is an integral over non-labor income. I
numerically approximate this integral using Gauss-Hermite quadrature with 20 nodes (See,
e.g., Ken Judd (1998)). Second, for certain values of non-labor income, the probability of
being in particular region/sector combinations is zero (due to the zero hours constraint).
This leads to a discontinuity in the likelihood function. To smooth the likelihood function,
[ multiply the value of being in each region-sector by ®(h/0.1), where h gives desired hours
of work. ®(h/0.1) is close to 1 when h > 0, and close to zero when h < 0[]

4.1.2 Likelihood Function for Aggregate Quantities

Let the notation Z_; = (Zy,Z3,...) represent the vector of variables Z for all seven regions,
and leave the subscripts “t” implicit. Let K% be the product of the rental rate and capital

demanded by consumers. Define Vs = (Em Eg,,, Z_jgr), Yoy = (P1y, Por, P3r) and

- = . . - - X ¥ DL - . . %
Vvlt: (Y1T7Y27”7SlT’S2T7)/;)T7Y€7M7p17p€7Y:§ 7Ya aK 7w1r)w2r7w37“7Y; 7ps)

> — — — — — 5
wlt = (617’7 Vir, €2ry Vor, V3r, Vir, €4,y ggry €sy €cly €e2, 5aa 567 587 5k7 €ze, 6xs>

Note that the vector of endogenous variables V; = (Vi,V5) has the same length (86) as the
vector of errors 15,5 = (1;1,5, 1;2,5).

The joint density of the endogenous variables V, is:

o o S L o L. oY oY1
F(Vig, Var) = g(16(Vig, Var) ) g (02t (Vig, Var) ) det ( g}g g:;z )
vy Vs

since 1;1 and JQ are independent. In fact, the errors within the vectors 1/71 and QEQ are

“'During estimation, I constrain the average of the ¢,,+ to be close to zero (within 0.1 of zero) for each of the
three sectors. This ensures that the linearization around shock values of zero is an adequate approximation.

42Finally, in order to ease identification in practice, I fix kg2 = 6, a value chosen based on preliminary
estimation. This parameter is explained in the appendix.
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independent as well, which breaks apart this density even further.

The next step in constructing the likelihood function involves finding expressions for the
error vectors Jl and 1;2 in terms of the endogenous variables. These expressions can then be
substituted into the densities above in the change of variables formula. There are convenient
expressions for 1/71, and I present these in the appendix.

Unfortunately, there are not analogous, simple analytical expressions for 1;2. Instead,
recalling that the elements of 77;2 will appear in the preference shifters « (as described in the
appendix), I linearize the labor supply functions, using the same expressions as those used
in the constraints for the individual-based estimation above. Using this linearization, I can
solve for JQ and finish the construction of the likelihood.

I impose one additional constraint motivated by preliminary estimation. I constrain the
elasticity of substitution for sugarcane and other agriculture to be no higher than 2. In
preliminary estimation, I allowed the elasticity of substitution to be unconstrained, and
found that the maximum typically occurred with values on the order of 15 or more for
sugarcane and other agriculture. These estimates seemed implausibly high, necessitating a
constraint. The choice of an upper bound of 2 was designed to allow the production function
to take a Cobb-Douglas form; however, the maximization procedure suggests the data are
more consistent with an elasticity of substitution greater than 1, as the estimates hit the

upper bound for both sugarcane and other agriculture.

4.2 Estimates of the Model

Tables show the estimates of the model. I do not show standard errors; while asymptotic
standard errors would be meaningful for the estimates of the labor supply parameters —
which rely on a large number of individual-level observations from the PNAD data — they
would be very misleading for the majority of parameter estimates. These latter parameters
are estimated from only 10 years of data, necessitating small sample standard errors not
presented here.

To begin with, Table [5| displays estimates of the parameters affecting labor supply, except
for the region-sector preference shifters. The estimates of the non-labor income distribution
parameters refer to non-labor income for one week, rather than one year. About 59% of
people fall into the class of people with 8 = 6;. Given the estimate of o1, the average weekly
non-labor income in this class is about 240 Reais (less than US $150). The non-labor income
in the other category is much lower, about 26 Reais. The optimization procedure results in
estimates of dy; and dy, that hit their bounds. Therefore, conditional on having 6 = 0, a
person is never in the work force. Conversely, conditional on being a high income type, the

probability of being in the work force is 1. This is plausible, considering that all workers 15
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and older are included in the sample. A large fraction may be non-working students with
low non-labor income.

Table [6] presents the remaining parameters determining labor supply choices. The table
contains estimates of the sum of x;, and zjrﬁ which indicate the non-time varying portion
of preferences for a region-sector, as well as the variances of the ¢;,; shocks. Conditional
on identical wages in all sectors, the sugarcane sector is much less desirable than the other
sectors. Non-agriculture is the most preferred sector within the Center-South regions, while
other agriculture is more preferred in the more rural Northeast. Using the linearized ex-
pression for aggregate labor supply into each region-sector, at 2005 values of labor hours
and wages in Pernambuco, Sao Paulo, Parana, and Minas Gerais the own wage elasticity
of labor hours is higher in sugarcane than in other agriculture, ranging from 2.2 to 5.1. In
every region but Maranhao, the own wage elasticity for sugarcane is higher than that in
non-agriculture. Of course, the linearization is in terms of wage levels and non-labor in-
come levels, so this will change quickly as labor hours are drawn into sugarcane during an
expansion. The preference parameters — in combination with the parameters describing the
non-labor income distribution — do, however, suggest that in every region except Bahia and
Maranhao, the elasticity of labor hours with respect to weekly non-labor income is more
negative in sugarcane than in non—agriculture@

Estimates of the parameters common to all regions and using the aggregate data appear
in Table[7] As noted before, the elasticity of substitution in both sugarcane and agriculture
hits the upper bound of the parameter space considered.ﬁ This is in contrast to the case of
Reinaldo Alcantara & Anthony Prato (1973), who assume generalized Cobb-Douglas produc-
tion and use farm-level data in Sao Paulo to estimate returns to scale and input elasticities[™
Given the increase in mechanization over time, it is plausible that substitution possibilities
are now greater than those reflected in the authors’” pre-1973 data. The estimates of ¢,
suggest that a slightly larger share of revenue goes to profit in other agriculture than in
sugarcane. Here, 6, helps determine the elasticity of production with respect to labor use

on any given parcel. In fact, it is an upper bound on this elasticity. This value of 0.746 is

“3Note that without the linearization, it is not possible to distinguish z;. from rj,. The linearization
allows us to obtain estimates of the z;,., which can be thought of as a measure of the inaccuracy of the linear
approximations.

44These elasticities vary from a low of -4.5 to a high of -0.81 in sugarcane. In non-agriculture, the highest
elasticity is in Sao Paulo, the only positive value. This is possible because, based on the estimates, some
individuals will always work and this region-sector is the most desirable to move into. This effect is enough
to counteract the negative effect coming through the intensive margin.

45Preliminary estimation indicated that the same would be true if the elasticity of substitution was per-
mitted to differ across regions for sugarcane.

46The returns to scale estimates do not directly speak to the ones here, given that the authors treat land
as a chosen input.
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higher than the upper end of the elasticity estimated by Alcantara & Prato (1973), 0.513.
The value of v indicates a large amount of variance in land quality within each region. The
remaining agricultural parameters describe the variance of shocks to land or productivity.

The next rows of estimates deal with non-agricultural production. For ethanol and sugar,
the estimates of a. and «y suggest that each metric ton of sugarcane can produce slightly
more metric tons of sugar than cubic meters of ethanol at a production shock of zero for
both parameters. The estimates of 3. and [, imply that each unit of capital can produce
more sugar than ethanol. As might be expected, the ratios of o to ( are similar across
ethanol and sugar. Finally, the last rows relate to aggregate consumption, and show that
people on average spend their budget shares in highest to lowest order on capital, the other
agricultural good, ethanol, and sugar.

Table |8 shows the estimates of the remaining parameters, which vary by region. The
first two rows indicate parameters governing the marginal product of labor and capital, the
“share” parameters in the CES functions. Transforming the parameters using the expres-
sions for the shares, and setting production shocks to zero, suggests that for sugarcane, the
multiplier on labor in production varies from a low of 0.045 to a high of 0.110. The third
row, for \q,, shows that Sao Paulo and Pernambuco have the highest estimates for sugarcane
land quality, followed by the remaining regions of the South-Southeast, Parana and Minas
Gerais. Examining the variance of the land quality parameters, o2, indicates relatively high
variance to land quality. This is particularly true of Maranhao, where the variance is high
enough to create questions about how well the model fits the data for this region. The esti-
mates of k suggest that all regions have a bias toward other agricultural land. In regards to
non-agricultural land, the highest estimated values are found in Maranhao, Bahia, and Mato
Grosso (row 5). The first and third regions contain portions of the Amazon Rainforest.

To gain an idea of the implications of these estimates, one can examine key elasticities in
sugarcane. The elasticity of sugarcane production in each region with respect to the price,
holding wages and other prices constant and holding the value of all production shocks
constant at 2005 values, is just under 2.99 for all regions. There are slight differences across
regions, but this effect is dominated by the estimated values for #;, which is common across
regions. The same is true for the elasticity of aggregate labor demand with respect to the

wage, holding all else constant; this elasticity is approximately 3.86 for all regions.

5 Simulations

Using these estimates, I simulate the effect of three changes. In the first, I eliminate the tariff

and duty. In the second, I eliminate the restrictions and also increase the other agricultural
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price by 20%. In the third, I do the same as the second simulation, and also increase the
world petroleum price by 20% (this corresponds to an oil price in 2000 dollars of about $60
per barrel). During these simulations, I hold all exogenous variables constant at their 2005
values. The first sub-section discusses further details behind the simulation methods. The

second sub-section covers the simulation results.

5.1 Simulation Methods

The simulations require special considerations that are not conventional in structural models.
Conditional on the exogenous variables, any vector of equilibrium quantities is a function of
the random vector of production and preference shocks. Therefore, the impact of any policy
change will depend on the random vector of shocks. I approach this issue in two ways.

First, [ examine the impacts on equilibrium outcomes when holding the production shocks
and preference shocks constant at their 2005 values. Equilibria exist for all three policy
simulations, and can be compared with the baseline (the actual 2005 realizations). This
simulation approach allows us to focus on the mechanisms underlying the simulated changes
without being confused by the randomness associated with economic shocks.

Second, I allow for uncertainty in policy predictions by examining the distribution of
equilibrium outcomes for ethanol production, sugarcane production, ethanol exports, and
regional non-agricultural land allocations. FIML guarantees the existence of a unique equi-
librium in the neighborhood of the 2005 values for the error terms. While it is not certain,
a small disturbance in the system — through a change in import barriers, agricultural prices,
or petroleum prices — may preserve the existence of equilibrium. While there is no guarantee
that a unique equilibrium exists for any given random draw of shocks, the closer the error
terms are to their 2005 values, the better should be the chance of finding an equilibrium.

Accordingly, I fix the error terms for composite good production, ethanol and sugar
production, ethanol and sugar exports, and aggregate good consumption at their 2005 values.
I take 300 random error draws for all the agricultural shocks and all the labor supply region-
sector preference shocks. I leave these random draws constant across the four cases — i.e.,
the baseline (no policy or price change) and the three simulated environments. In each
case, for each error draw vector, I find the associated equilibrium if it exists. In practice,
an equilibrium existed for all error draws for all four cases. The result is 300 vectors of
equilibrium outcomes for each case. For four key sets of variables — ethanol production,
sugarcane production, ethanol exports, and regional non-agricultural land allocations — I

then illustrate the distribution of outcomes using box plots["]

47"Throughout all the simulations, I confine myself to equilibria that have wages bounded above by the
value of 6 Reais and that have land shares bounded below by 0.0001.
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5.2 Simulations of Alternative Policy Regimes

Tables [9] to [12] show the results for key quantities when all error draws are fixed at 2005
values, while Figures |4] and [5] illustrate the distribution of outcomes when a subset of the
error draws are randomly drawn. Throughout, I refer to the first set of simulations (removing
the tariff and duty) as “Sim 1,” the second set (removing barriers and increasing the other
agricultural price by 20%) as “Sim 2,” and the third set (doing the same as Sim 2, but also
increasing the petroleum price by 20%) as “Sim 3.” I refer to the baseline (no policy or price
change) simulation results as “2005” or “Base,” depending on whether the error draws in

agricultural and labor preferences are fixed at 2005 values or randomly drawn.

5.2.1 Ethanol Production and Exports Increase Substantially

Turning first to Tables[9]and [10], we see that in all three alternative regimes, there is substan-
tial expansion of ethanol production and exports relative to the 2005 baseline. The removal
of the tariff and duty leads to a sizeable increase in the amount of ethanol produced, which
more than doubles to 8.8 billion gallons. This allows ethanol exports to jump from a baseline
level of 685 million gallons to over 5.5 billion gallons. To gauge the size of this number, note
that in 2007, total US production of ethanol was 6.5 billion gallons. Correspondingly, the
ethanol price increases by about 19%. These results differ from those of Elobeid & Tokgoz
(2008), who predict a world ethanol price change of about 24%, and an increase in ethanol
exports of only 730 million gallons.

Figure 4| shows these increases are not due to the particular realization of production
shocks in 2005. The upper and lower values of each box show the 25th and 75th percentiles,
the line inside each box indicates the median, the whiskers outside of the box indicate the
adjacent values, and dots indicate values outside the adjacent values. Looking at the third
panel of the figure, we see that the median level of exports from “Sim 1”7 is between three
and four billion gallons of ethanol, with the upper adjacent value above five billion.

The results for “Sim 2”7 and “Sim 3” show ethanol production and exports moving in
the expected directions. The projected increases are similar, though slightly smaller, for the
regime that additionally includes an increase in the price of the other agricultural product.
When international ethanol demand is spurred by the 20% increase in the world petroleum
price, ethanol production and exports jump substantially. Examining the fourth row of
Tables [9HI0] we see that ethanol production and exports are predicted to rise to 19 billion
and 16 billion gallons, respectively. An export total of 16 billion gallons would make a
sizeable impact on the US fuel mix. As noted in the introduction, with 13 billion gallons

of ethanol the US could have used ten percent ethanol blends in all of its 2007 gasoline
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consumption.

The box plots in Figure 4| show that there is a substantial amount of uncertainty about the
size of the production and export increases. Still, the minimum value of ethanol production
is around 13 billion gallons, and the minimum value of ethanol exports is about 10 billion
gallons. The brunt of the ethanol export distribution is in the 14-16 billion gallon range.
These predictions suggest that, regardless of the exact size of the export increase, Brazil

could have a significant impact on the shift to low-carbon fuels in the US.

5.2.2 Less Sugar and More Sugarcane Enable Greater Ethanol Exports

This substantial increase in ethanol exports comes from the movement of sugarcane away
from sugar production and into ethanol production, as well as an increase in total sugarcane
production. The third column of Table [J illustrates the massive decline in sugar production
upon removal of the barriers. Sugar production falls from 26.6 million metric tons (MT)
in 2005 to 12.62 million MT in “Sim 1,” and even lower in the other simulation regimes.
Net exports of sugar also fall dramatically. As we would expect, the price of sugar rises,
specifically around 21% in moving to “Sim 1.” This is a much larger rise in world sugar
prices than seen in Elobeid & Tokgoz (2008), who predict a rise of about 1.8%. While the
simplicity of my model of international sugar markets could explain part of this, it is also
the case that the larger ethanol export boom I predict necessitates more sugarcane, and this
can be easily drawn from sugar when sugarcane production is somewhat inelastic.

The increase in ethanol exports also comes from an increase in total sugarcane production.
The first column of Table [9] shows that sugarcane production jumps from 422 million MT
in the baseline to 573, 546 and 1073 million MT in the alternative regimes. In the first
panel of Figure [d] we see a more nuanced story. In “Sim 1”7 and “Sim 2,” just a portion of
the distribution lies above the level of 2005 production. In the case with petroleum price
increases, the entire distribution of sugarcane outcomes moves dramatically higher.

The results in the first panel of Table suggest the importance of extensification in
sugarcane production. Table shows the millions of acres allocated to each use under
each regime, for all seven regions. In moving from 2005 to the removal of import barriers,
sugarcane acreages increase in all regions except Maranhao. Total sugarcane land increases
more than 11 million acres to 26 million acres. The largest absolute changes occur in Sao
Paulo. The increases in Mato Grosso — despite the low land quality in sugarcane, and the
strong preference not to work in sugarcane there — are also substantial. As we move to
the third regime with higher oil prices, the sugarcane land allocation changes continue to be
largest in Sao Paulo. There appear to be important non-linearities in the yields on sugarcane

land. While the first 14.3 million acres are associated with production of 422 million MT,
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the next 11 million acres are only associated with production increases of about 150 million
MT. The move from there to “Sim 3” brings in 10 million more acres and produces 500
million MT more sugarcane. Thus, in “Sim 3” sugarcane yields again resemble yields in the
2005 baseline.

These non-linearities suggest that either the average quality of land used in sugarcane
production or the intensity of input use in sugarcane production are changing across the
simulated regimes. Table in the appendix speaks to this. The first panel of the table
shows predicted changes in annual labor hours in each region across the alternative regimes.
Going from the 2005 baseline to “Sim 1,” the intensity of labor use on land intensifies in
Bahia. However, in all other cases, the intensity of labor use actually falls. Looking at the
change from the 2005 baseline to “Sim 3,” in every region labor intensity falls. These declines
are sometimes too large to be plausible (new values of labor per unit land are sometimes
one-tenth of the original value, for instance), suggesting that the model should be re-visited
in the future. In any case, the results suggest a shift to more capital-intensive agriculture,

and this is not always enough to keep yields stable across regimes.

5.2.3 Consequences for Land Clearing are Non-Linear

What are the ultimate implications of the sugarcane expansions for the clearing of forest and
savanna land? As shown in Table [12] and Figure [5|for “Sim 1,” the initial burst of additional
ethanol exports come at a cost of little or no non-agricultural land. Columns 5 and 6 of
Table [11] show that land for other agriculture not only absorbs the sugarcane land increase,
but falls quite steeply. The two areas with the greatest amount of Amazon Rainforest in the
regions I consider, Mato Grosso and Maranhao, experience declines of 20 million acres and
55 million acres, respectively. Much of this land gets translated into greater non-agricultural
land. The results in Figure [5| suggest that — while the direction and magnitudes show a
substantial amount of uncertainty — Mato Grosso and Maranhao are unlikely to see large
decreases in non-agricultural land.

The reason for this is apparent in columns 5 and 6 of Table |15 (appendix): In several
of the regions, wages in other agriculture increase as sugarcane wages go up. While other
agricultural wages in Mato Grosso actually fall slightly, we should keep in mind that increased
demand for capital stoked by the sugarcane expansion results in an increased price of capital.
This is especially relevant to Mato Grosso, where the ratio of capital to labor is estimated
to be relatively high. We should be wary about the size of the projected changes in Table
and Table [I5 but these changes do suggest an important point to keep in mind: Changes
in input prices spurred by sugarcane growth can limit the profitability of other agriculture

in areas where it was originally profitable.
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Of course, prices of key agricultural products in Brazil have been trending upwards, and
one may be wary of relying too heavily on simulations using 2005 prices. Therefore, we turn
to “Sim 2,” which removes ethanol trade barriers and increases the price of other agriculture
by 20%. This particular percentage is meant to be illustrative. It is also in line with the 25%
increase in the price of maize assumed by Nelson & Robertson (2008). Turning first to the
2005 results, Table [9] shows that other agricultural production rebounds, settling at a level
slightly above the 2005 baseline. This increase comes from an increase in other agricultural
land in every region, as seen in Table [I1] and a corresponding decrease in non-agricultural
land from the 2005 baseline. The large decreases of 13 million acres and 8 million acres in
Mato Grosso and Maranhao, respectively, should be cause for concern; in addition, there
are decreases in regions containing remnants of the Atlantic Rainforest, with the steepest
decrease occurring in Bahia. Figure |5| corroborates these results. In all cases, the 25th, 50th,
and 75th percentiles of the non-agricultural land distribution move down when going from
the baseline to “Sim 2.”

Finally, it is important to examine the effect of increased petroleum prices, which will lead
to an outward shift of international ethanol demand. When the production and preference
shocks are held constant at 2005 values, this change leads an increase of about 40 million
acres of total land for other agriculture, relative to “Sim 2”7 values. Nearly 70 million acres
are added in Mato Grosso, with this being offset by declines in other regions. Table[12|shows
non-agricultural land falls sharply, by 116 million acres from the baseline and 57 million acres
from “Sim 2.” By far, the largest declines from the 2005 baseline are in Mato Grosso and
Maranhao. Parana and Sao Paulo see predicted declines of 7-9 million acres, and Bahia sees
one of 16 million acres. Figure [5| shows the distribution of outcomes in Mato Grosso and
Maranhao is quite wide. The “Sim 3”7 distributions exhibit the greatest uncertainty in the
bottom panel, for the Bahia, Pernambuco, and Maranhao regions.

These results suggest that the growth in sugarcane and other agricultural land in “Sim
37 is likely to come at the expense of significant non-agricultural land. It is crucial to
understand the reasons for the great expansion in other agricultural land, particularly in
Mato Grosso. Table (appendix) shows the increase in Mato Grosso is driven in part by
a large increase in labor supply, which pushes down wages in the region relative to “Sim
2.7 Where is this expansion in labor supply coming from? Using the table on annual hours,
it appears that there are massive changes in hours predicted for non-agriculture in Minas
Gerais and Maranhao. The size of these changes is very large. While the model is not
designed to capture changes in hours and wages in non-agriculture, this warrants further
investigation in the future.

Overall, the evidence suggests there are important non-linearities in the trade-off between
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ethanol exports and non-agricultural land. Brazil could increase exports in response to the
policy change by over 5 billion gallons, with little or no cost in terms of non-agricultural land.
The additional exports are supported by diversion of sugarcane into sugar and moderate
growth in sugarcane land, with input price increases throughout agriculture helping to limit
agricultural expansion. Much more non-agricultural land could be displaced by further
increases in world ethanol demand in the free trade environment. At 2005 values, the next
10.5 billion gallons of exports comes at the cost of over 100 million acres of non-agricultural

land, with some of the largest changes in those regions containing the Amazon Rainforest.

6 Conclusion

The possibility of lowering US import barriers for fuel ethanol presents a crucial tradeoff
for the environment. Freeing the US ethanol market could encourage the replacement of
petroleum and corn ethanol with low-cost and relatively low-carbon sugarcane ethanol. Yet
the changes caused by increased demand for Brazilian ethanol could lead to increased con-
version of Brazil’s forest and savanna land into agriculture, affecting carbon sequestration,
bio-diversity, and eco-system functioning. This paper addresses this tradeoff with an es-
timable general equilibrium model of regional agricultural markets, one accounting for the
linkages between sugarcane and other agricultural production decisions through labor, land,
and capital inputs. In three simulation exercises, I use the parameters of the model to pre-
dict the consequences of removing US import restrictions. The removal is predicted to lead
to a large increase in Brazilian exports to the US at little or no cost to non-agricultural land
in Brazil. The need to pull more factors of production into sugarcane and wage spillovers
into other agriculture serve as natural brakes on the pace of agricultural land expansion.
The situation is much more worrisome in the final simulation exercise, where the price of
other agriculture and the price of petroleum are both increased by 20% relative to their 2005
values. In this scenario, I predict a massive, additional increase in Brazilian exports, one
that leads to significant loss of non-agricultural land throughout Brazil.

While the framework presented here provides a new perspective on the debate over Brazil-
ian ethanol, it is limited in four ways. First, the model defines regions very broadly. Conse-
quently, a predicted decline in non-agricultural land in the Mato Grosso region may or may
not come from the Amazon, just as a predicted decline in Parana may or may not come from
the Atlantic Rainforest. A more detailed and disaggregated model of land use is required to
make more accurate predictions.

Second, agricultural decision-making is dynamic, and this is particularly true with sug-

arcane. Sugarcane has a long growth cycle, and mature sugarcane can be harvested multiple
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times before re-planting is necessary. In pursuit of tractability, the model uses short-term
changes in prices to say something about production responses without adequately account-
ing for production response lags, fixed costs of converting land back and forth between
sugarcane use, and uncertainty about future prices. For instance, OLS regressions of re-
gional sugarcane land shares on prices, wages and lagged shares (not shown here) suggest a
substantial amount of inertia in land allocations over time.

Third, behavioral responses not modeled here could matter. For instance, the Brazilian
government could use policy to ensure that any declines in non-agricultural land occurs in the
least environmentally sensitive portions of each region. Moreover, the compliance decision
among private landowners is a potentially significant contributor to the total amount of
forest and savanna land in Brazil. As noted in the introduction, I have essentially ignored
private forest land and instead focused on land that is not used for any sort of agricultural
production. It could be the case that the forest land set aside by private landowners and used
for casual grazing, planted forests, etc., preserves many of the ecosystem services expected
of virgin forest land. In this case, it would be important to consider whether changes in
existing private land enhance or compensate for declines in public non-agricultural land.

Fourth, data limitations may affect the results. On the labor supply side, information for
the North Census region is not available for the entire period of analysis. Moreover, aggregate
hours in sugarcane — and median wages in the sector — are estimated using household survey
data. Given the relatively small number of people in the sector, sampling variation may lead
to variation in these quantities that is not real variation, which would affect the estimation of
the model’s parameters. In terms of land use, measurement error may also affect the values
for non-sugarcane agricultural land, which are currently imputed in between Agricultural
Census years. The availability of repeated cross-sections of satellite data in the future may
remedy this difficulty.

In future work, it will be important to take these considerations into account, and the
answers presented here should be viewed as preliminary. In considering these factors, though,
future models could build on the results here and incorporate the linkages between land use
decisions, input markets and product markets, in a setting that allows for estimation of key

parameters in a coherent, unified framework.
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Table 1: Composition of Regions

Region Number | Shorthand Reference States Census Region
1 Parana Parana South
Santa Catarina
Rio Grande do Sul
2 Sao Paulo Sao Paulo Southeast
3 Minas Minas Gerais Southeast
Rio de Janeiro
Espirito Santo
4 Bahia Bahia, Northeast
Sergipe
5 Mato Grosso Mato Grosso Center-West
Mato Grosso do Sul
Goias
Tocantins
Federal District
6 Pernambuco Pernambuco Northeast
Alagoas
Paraiba
Rio Grande do Norte
7 Maranhao Maranhao Northeast
Piaui
Ceara
Table 2: Land Usage and Production, 2005
Land (Mill. Hectares) Production
Region Sugarcane Other Ag. Other | Sugarcane Other Ag.
Parana 0.454 46.733 9.154 31.228 35348.059
Sao Paulo 3.085 14.705 7.028 254.810 12482.325
Minas Gerais 0.582 39.517 27.541 37.181 19310.408
Bahia 0.118 29.430 29.075 7.370 6737.708
Mato Grosso 0.543 122.708 65.124 37.939 27539.441
Pernambuco 0.933 12.625 10.018 49.101 3884.236
Maranhao 0.077 30.846 41.971 4.403 6307.208
Note: Cane production in millions of metric tons;
other agriculture in millions of 2000 Reais
Table 3: Ethanol and Sugar Production, 2005
Region Sugarcane Eth. Quant. FEth. Value Sug. Quant. Sug. Value
Parana 31.228 1.079 923.332 1.582 563.626
Sao Paulo 254.810 9.654 8259.898 16.920 6028.224
Minas Gerais 37.181 1.241 1061.645 2.089 744.248
Bahia 7.370 0.135 115.753 0.224 79.764
Mato Grosso 37.939 2.022 1730.309 1.712 610.121
Pernambuco 49.101 1.424 1218.738 4.034 1437.392
Maranhao 4.403 0.108 92.198 0.019 6.743

Note: Sugarcane and sugar quantities in metric tons,

ethanol quantity in cubic meters. Ethanol and sugar values
in 2000 Reais. All values i%&lillions of respective units.



Table 4: Median Hours and Number of Workers by Sector, 2005

Cane Other Ag. Non Ag.
Region Hours Number | Hours Number | Hours Number
Parana 46 30173 40 2720925 44 9567751

Sao Paulo 48 151129 44 820975 42 15725917
Minas Gerais 48 55817 40 2296550 42 13301037
Bahia 48 26977 40 2172985 40 3783111
Mato Grosso 48 23542 44 1163488 44 4665797
Pernambuco 48 223194 35 1702326 40 4452067
Maranhao 40 35155 30 2499108 40 4070798

Table 5: Utility Function Parameter Estimates I

B din  dip 6h 02 m o1 o2
0.4150 1 0 5.3737 2.865 0.5862 0.4465 0.8730

Table 6: Utility Function Parameter Estimates II: Region-Sector Preference Shifters

Parameter | Parana Sao Paulo Minas Gerais Bahia Mato Grosso Pernambuco Maranhao
Kir + 217 -3.920 -3.225 -3.496 -4.368 -5.323 -1.825 -3.235
a2, 0.124 0.085 0.134 0.266 0.211 0.066 0.250
Kor + Zor 0.346 -1.249 0.293 0.673 -0.741 0.486 1.212
a2y, 0.067 0.045 0.034 0.053 0.048 0.086 0.037
K3r + 23, 0.534 0.892 0.903 -0.014 -0.230 0.205 0.212
o2, 0.087 0.040 0.140 0.166 0.150 0.148 0.176

Table 7: Estimates of Parameters Common to Regions

Category Parameters

Agriculture 1jp1 1}p2 01 02
2.000 2.000 0.746 0.712

g 02 Trs ooy
0.994 0.026 0.259 0.013

Ethanol/Sugar N Qs Be O
-2.752 -1.981 -1.477 0.487

o o 02 Le
0.009 0.065 0.066 -4.543

Ls ﬁp 0:%6 0-9255
7.071  3.079 0.151  0.008

Consumption Qe Qs Qg ak
-4.382 -5.870 -2.033 -1.073

o2 o2 o2 o2

de ds da ok
0.019 0.362 0.019 0.018
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Table 8: Estimates of Region-Specific Parameters

Parameter | Parana Sao Paulo Minas Bahia Mato Grosso Pernambuco Maranhao
11 2.957 2.767 2.706  2.294 3.059 2.272 2.094
Dar 2.883 2.918 2.725  2.208 2.937 2.290 2.163
Al -1.234 1.785 -1.615 -3.866 -2.074 -1.016 -6.015
Aoy -3.421 -3.197 -4.516 -6.508 -5.151 -5.914 -7.323
A3y -0.815 -0.272 -0.317 -0.051 -0.089 -0.298 0.037

K 0.611 0.256 0.895 1.521 2.109 0.961 1.652
bor -0.571 -0.500 -0.583 -0.599 -0.552 -0.920 -0.999
Bor 1.050 1.072 1.074  1.196 1.151 0.711 0.664
o4 0.219 0.048 0.085 0.115 0.030 0.042 0.448
o 0.498 0.186 0.457  0.366 0.222 0.274 6.043
agk 0.013 0.063 0.008  0.006 0.068 0.069 0.024
afop 0.037 0.033 0.030  0.039 0.029 0.042 0.039
ofob 0.035 0.043 0.020  0.028 0.018 0.019 0.017

Table 9: Aggregates in 2005 and Simulated Environments - Production

Production (Millions of Units*)
Sugarcane  Ethanol Sugar Other Ag Composite
2005 422.03 4137.87  26.58 937.06 10180.08
Sim 1 572.50 8778.04  12.62 688.91 11770.82
Sim 2 546.44 8374.49  12.07 965.68 11110.77
Sim 3 1072.63 18995.51  4.76 1299.42 10033.41

*Note: Sim 1 removes the duty and tariff. Sim 2 does the same, and increases the other agricultural price
by 20%. Sim 3 adds to the Sim 2 changes by increasing the world petroleum price by 20%. Composite
quantities are in billions of units. Units of ethanol are US gallons, while units of sugarcane and sugar are
metric tons.

Table 10: Aggregates in 2005 and Simulated Environments - Exports and Prices

Net Exports (Millions of Units*) Prices (2000 Reais)

Ethanol  Sugar Other Ag Sugarcane Ethanol Sugar Rental Rate
2005 684.75 18.16 92.86 20.38 855.61  356.28 100.35
Sim 1 | 5516.48 4.79 -261.58 27.73 1019.92  431.87 110.74
Sim 2 | 5159.16 4.35 179.69 27.75 1026.64 434.37 111.90
Sim 3 | 16011.63 -2.27 522.12 33.86 1094.05 471.82 108.18
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Table 11: Land Allocations in 2005 and Simulated Environments (Millions of Acres)

Sugarcane Other Ag.
20056 Sim1 Sim2 Sim 3 | 2005 Sim1l Sim2 Sim 3
Parana 1.12 3.01 2.38 3.16 | 11548 102.21 117.82 120.21

Sao Paulo 7.62 10.27 10.84 19.34 | 36.34  38.71 37.33 33.25
Minas Gerais | 1.44 3.08 2.08 5.31 97.65 85.93 100.41 89.55
Bahia 0.29 2.18 1.02 0.18 72.72 41.43 91.06 89.29
Mato Grosso | 1.34 3.40 2.14 3.24 | 303.21 283.74 315.93 383.72
Pernambuco 2.31 3.95 0.97 4.73 31.20 8.02 39.97 6.29
Maranhao 0.19 0.04 0.02 0.03 76.22 21.44  84.17 104.15
Total 14.31 25.93 19.45 35.99 | 732.81 581.48 786.68 826.47

*Note: Sim 1 removes the duty and tariff. Sim 2 does the same, and increases the other agricultural price
by 20%. Sim 3 adds to the Sim 2 changes by increasing the world petroleum price by 20%. Composite
quantities are in billions of units. Units of ethanol are US gallons, while units of sugarcane and sugar are
metric tons.

Table 12: Land Allocations in 2005 and Simulated Environments (Millions of Acres)

Non-Agriculture

2005 Sim1l Sim2 Sim3
Parana 22.62 33.99 19.02 15.84
Sao Paulo 17.37 12.34 13.16 8.73
Minas Gerais | 68.05 78.13 64.65 72.28
Bahia, 71.84 101.26  52.78 55.39
Mato Grosso | 160.92 178.33 147.41  78.52
Pernambuco 24.75 46.29 17.32 47.24
Maranhao 103.71 158.64 95.93 75.94
Total 469.27 608.98 410.25 353.93
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Figure 1: Brazil’s Biomes (Source: IBGE)
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Figure 2: Regional Classification
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Figure 3: Regional Sugarcane Land Shares and Production Relative to 1990
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Figure 4: Box Plots for Simulated Values of Sugarcane, Ethanol, and Ethanol Exports (Base,
Sim 1, Sim 2, and Sim 3 are scenarios defined in the text)
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Figure 5: Box Plots for Simulated Values of Non-Agricultural Land (As defined in the
text: “Base” refers to the baseline simulation. “Sim 1”7 removes trade barriers. “Sim 2”
additionally increases the price of other agriculture output by 20%. “Sim 3” is the same,
but adds a 20% increase in the price of petroleum)
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APPENDIX: Not for Print Publication

41



A Data Details

I begin by providing additional detail on the data, dividing the variables into various cate-
gories. I then describe the data and assumptions used to create some of the key aggregate

quantities used in estimation.

A.1 Prices

e Price of Sugarcane: I take the price of sugarcane directly from the FGV-provided
prices, which cover 17 states during the period of study. FGV provides prices on a
month-by-month basis, where the prices are collected using farm surveys in the relevant
geographical regions. I use an average over these monthly prices. In a case in which a
region includes more than one state with a sugarcane price provided, I use the average
of the prices of all the states in that region. In a case in which no states within a region
have a sugarcane price, I use the sugarcane price of the closest region geographically.
For the estimation and simulations, I assume one sugarcane price exists for all of Brazil.

For this purpose, I use the median price of sugarcane across the regions.

e Price of Sugar: I use the FGV-provided price of a pound of sugar from the New York
market. To translate this into Reais from US dollars, I use contemporaneous exchange
rate data from the Central Bank of Brazil.

e Price of Ethanol: The FGV provides a price index for ethanol. I benchmark this
index using the implied price of a cubic meter of exported ethanol in a particular year.
I obtained this implied price using data from the organization SECEX, and their online
AliceWeb tool.

e Price of Other Agricultural Good: The FGV provides a price index for all of
agriculture. Using sugarcane prices and data on the share of agricultural production
resulting from sugarcane, I calculate a price index for “other agriculture.” Since such
a price has no natural units, I simply set the 2000 value to 100 Reais. This defines a

“unit” of non-sugarcane agricultural production.

e Petroleum Prices: The FGV provides historical series of the month-by-month price
of a barrel of oil in US dollars at various points of origin. I use the prices for Nigeria,

relying on Central Bank of Brazil exchange rate series to convert these into Reais.

e Price of Composite Non-Agricultural Good: [ construct relative changes in

the nominal price for the composite good by using changes in nominal prices of all
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other goods, the overall consumer price index, and the shares of all other goods in
the “consumption basket” (from the national income accounts). Then I normalize the

price since the composite good has no natural units.

Labor Supply

Labor Hours: The PNAD data contain: whether or not the member is employed
(with September being the reference month); if she is employed, then her monthly
income and usual weekly work hours from her primary job; the sector of her primary
job, with sector being narrowly defined enough to allow for the identification of specific
crops; and whether the individual is hired labor, a non-remunerated family worker, self-
employed, or an employer. For region of work, there are a limited number of cases in
which the survey respondent was not present in the current state as of the last week
of September. In these cases, I simply drop the respondent. In order to construct
aggregate hours worked in a particular region/sector, I multiply weekly hours by 52
and take the weighted sum over all individuals in that region/sector, using the PNAD-
provided survey weights. In particular, I include all working individuals — not just
hired labor — in these calculations. If “52” is the incorrect factor to multiply weekly
hours by, then in general all the estimates of the paper will be affected in uncertain

ways that deserve further inquiry in the future.

Sectoral Hourly Wages: To construct the hourly wage, I multiply reported monthly
earnings by %, and then divide the result by reported hours of work. In the analysis,
I use the unconditional median hourly wages in the sector-region combinations as the
regional wages for the three sectors. In calculating the wage, I use only the earnings
of hired workers in the relevant sector. In particular, I do not use self-employment
earnings. This procedure yielded one wage that appeared to be an outlier, driven by a
very small sample of sugarcane workers in that region-year combination (the Maranhao
region in 1999). I replace this wage with a predicted wage. To construct this predicted
wage, I run a quantile regression for the median of Maranhao wages in other years, as

a function of individual characteristics and wages in all the other regions and sectors.

Land Use

Land Cultivated for Sugarcane: The Producao Agricola Municipal (PAM) data
provide information on the number of acres devoted to sugarcane in a given state and
year, in the 1981-2005 time period. The PAM data refer to the calendar year, rather

than the sugarcane harvesting year. There are data on the acreage planted and the
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acreage harvested. These numbers are generally quite close together, and I use the

acreage harvested throughout the paper.

Land Cultivated for Other Agricultural Uses: The PAM provides annual infor-
mation on total area harvested for major crops in each state. Data are available for all
permanent and temporary crops in the 1990-2005 time period, and for ten of the most
important crops in the 1981-1989 periodf‘;g] Moreover, no years contain data on pasture
land. This necessitates an imputation procedure for total agricultural land. For this
purpose, I use the PAM data in combination with data from the agricultural censuses
of 1980, 1985, 1995, and 2005-06, which provide more complete information. In par-
ticular, I use a scale factor defined by the ratio of the PAM acreage to the agricultural
census acreage in a census year to estimate total planted acreages for intervening non-
census years. The agricultural censuses also provide information on total land used for
pasture and privately owned forests. To interpolate pasture values for a region between
census years, | first run a regression on time trends and total cattle raised in a region
in a year (available in PPM data), allowing for region-specific intercepts. The resulting
standard errors are large, but as the purpose is only to obtain reasonable predictions,
I use the regression equation to predict values for pasture land for each non-census
year in each region. In the small number of cases with negative predicted values, I
set pasture land to zero. I use IBGE data on the value of forest production in each
year to conduct a similar imputation procedure. I then sum the values for crop land,
pasture land, and private forest land across all states within a region. Further details

are available upon request.

Non-Agricultural Land: Non-agricultural land in a region is simply the residual
resulting from subtracting sugarcane and other agricultural land from the total land
area of the region. Data on total land area is obtained from IBGE. A given region may
become slightly larger or smaller over time due to changes in method of measurement,

changes in state boundaries, etc. I use the given land area for each year.

Production

Sugarcane Production: I use data from PAM on sugarcane production in each state
and year for the 1981-2005 period. I aggregate across states to produce regional totals.

These data are for the calendar year, rather than the harvest year.

48The quality of the data varies over time, generally being better near agricultural census years. I obtained
the 1990-2005 data from SIDRA, an online database operated by the Brazilian government. The earlier PAM
data come from IPEA, an institute affiliated with the government, with a website at www.ipeadata.com.br.
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e Non-Sugarcane Agricultural Production: I obtain total agricultural production
values for each state from state income accounts data. The value of agricultural pro-
duction from the income accounts includes the value of forest production, though this is
typically a small percentage of the total. To construct the value of “other agricultural”
production for each state, I use sugarcane prices and sugarcane production to calculate
the total value of sugarcane production, and then subtract that from the value of total
agricultural production. To form the regional measure, I aggregate the result across

the states within each region.

e Ethanol and Sugar Production: I obtain state-by-state ethanol and sugar pro-
duction levels for each harvest year over the 1994/1995-2005/2006 period from the
Ministry of Agriculture, Livestock, and Food Supply. These data are for local harvest-
ing years. I impute a measure of the ethanol and sugar quantities for calendar year
t by taking a weighted average of the surrounding harvest years, where the weights
differ between the Northeast regions and the Center-South regions. The harvest year
definition runs from May to April in the Center-South, and from September to August
in the Northeast. The data on sugar and ethanol production also contain the amount
of sugarcane crushed by mills and distilleries in each harvest year. In this paper, I use
data on sugarcane production from PAM, but the crushed/harvested data from this
alternative source suggests that the vast majority of harvested sugarcane is crushed by

mills or distilleries, though gaps between the two exist.

A.5 Construction of Key Quantities

It is useful to clearly delineate what quantities are available in the data sources and what can
be constructed from the these data sources, with the help of supplementary assumptions.
Table provides the quantities available from the raw data, categorized according to the
labels in the first column. An asterisk in a superscript indicates that the item is referring
to Brazil as a whole, rather than just the non-North regions that are the subject of this
paper. A superscript “N” indicates aggregates specific to the North Census region, while
aggregates without a superscript refer to the non-North portions of the country. When a
quantity appears with the subscript “r”, it should be understood to represent the vector of
that quantity for all regions. For instance, the item Gy refers to total government spending.
The quantity V P,; denotes the total value of production in each region.

I use the data from Table along with supplementary assumptions, to construct empir-
ical analogues of key quantities in the model. Table[14] summarizes this construction process.

Each row in the first column provides the raw data variables and assumptions that I use to
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construct the item in the second column of that row.

The first set of assumptions is necessary to divide up national quantities between the
North Census region and the non-North Census regions that are the subject of my analy-
sis. I make several assumptions to use the asterisked national-level items to construct the

corresponding quantities for only the non-North regions. These assumptions are:

e Net exports from the North Census region are zero for the intermediate good of sug-

arcane and for each final good

e Agricultural profits, net transfers from the government, and capital do not flow in or

out of the North Census region

e Net taxes in each super-region (the North, and the rest of Brazil) are proportional to

GDP in that super-region

Together, these assumptions ensure both the North economy and the non-North economy
are coherent, in the sense that the spending, production, and income methods of income
accounting all yield the same values for GDP in the North Census region and in the total
of the non-North Census regions. The assumptions also ensure that we can construct the
amount of capital demanded and the amount of non-labor income in each of the two areas.

As a final note on Table [I4] two new expressions appear there. First, W B, is defined as
WB, = ZT’  Wrjt Lt (total wage bill for all regions and sectors). Second, the table lists the
quantity V P,;. This piece of data from the regional income accounts represents the total
value of production in a region. It does not have a directly analogous item in the model,
since it incorporates the value of taxes and some fraction of the value of newly produced
capital goods.

Under one additional assumption, I can use V P,; to construct the total supply of the

composite good in each region. First note:
VP = potYyy + petYisy + pstYiy + PatYomy + D1¢Yeoy + OV

where OV,; is the value of taxes and counted capital in the region. Assume that OV,; is a

fixed proportion w of p,;Y.3, across regions. Then we have:

VP — (petygt + pstysft + p2tY2€t + pltYfit) o (1 + w)pOt}/o?:t
Sor (VP — (petY 5y + 0t Y3 + 0¥y + 01Ysh)) (14 w) X, Dot Yo
_ potYoé;t
ZT potYoé;t
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Multiplying the result by total supply of the composite good then yields the region-specific
supply of the composite good for every region[”]

B Model Details

In this section, I discuss details of the model. The first sub-section covers aggregation over
individuals, used to produce expressions for aggregate labor supply to each region-sector
combination and aggregate product demands. The second sub-section briefly presents the
government’s aggregate product demands. The third sub-section covers aggregation over
parcels of land, used to produce expressions for aggregate product supply and aggregate
labor demand in agriculture. The fourth sub-section formally defines equilibrium in the
economy. Throughout, for notational simplicity I use py; and p,; interchangeably to refer to

the price of the other agricultural good.

B.1 Aggregation Over Individuals

In the main text, I presented the individual maximization problem underlying choices about
consumption and labor supply. Here, I present the assumptions needed to go from this to
the aggregate labor supplies and product demands used in estimation. While the aggregate
product demands do not require it, I must make assumptions about individual heterogeneity
to derive the aggregate labor supply expressions from the individual-level optimal choices
above. I make the particular distributional assumptions below in order to secure the simplest
aggregate expressions possible, given the set-up of the model. After noting these assump-
tions, I write expressions for the aggregate quantities.

In order to make the aggregation as transparent as possible, I first set out expressions
for the optimal hours choice, optimal consumption choices, and associated indirect utility

function Vj, for each sector-market combination s. Given a choice of s, these are:

b = (L= B)(T) -2

=0 for non — workers

My for workers

491 should note here that the GDP values calculated in this manner will not necessarily correspond with
GDP values from the national income accounts. The sum of regional GDP measures differs somewhat from
the national totals.
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Vat

i N shis Mz = 0,4,¢c,

Vit pxt(l—ﬁ)(wt ¢+ My)  for x=o,a,es
Vit

i —————(Wsthist + M;

Yikt ’I“t(l—ﬁ)(wt ¢+ M)

Vi = log[w;t_ﬁ(T) + wS_tBMit] + ln[ﬁﬁ] + Wi+ kg +mise for workers

— log[(T)(1

1 ﬁ)l_ﬂ] + Wi+ ko + ¢ for non — workers

where W, is a function of the share parameters and national-level prices, as follows:
Vot Ykt
W, = g Yorlog(—) + Vrlog(—
' b ' (pbt) dlog( T )

Next, I note the assumptions used for aggregation. The first set of assumptions involves
heterogeneity in non-labor income. I assume non-labor income is given by M; = eti,
where p;; represents individual heterogeneity. To provide flexibility in capturing the hours
distribution, I assume that the distribution of x is a mixture of two normally distributed
random variables p; and o, with means in year t of (64, 62) and standard deviations of
(01,02). The probability that p; is distributed as p,, is 7, for m = 1,2. I refer to this as
being of “class m.” Note that ,, is not time-varying "]

It is imperative that total non-labor income per person in the data equal the expectation
of individual non-labor income from the model to ensure coherence of the model. This
necessitates a method of shifting the 6 parameters in each year to match the non-labor
income for that year. For this purpose, define 8;; = 6; + log(M,/ Maygs), with M, and Magos
being average non-labor income in period ¢ and 2005, log(M,;/Mays) as a shifting factor
for period t and the constant parameters #; and 6y reflecting 2005 non-labor income. This
ensures that the aggregation is consistent with economy-wide non-labor income.

Regarding heterogeneity in preferences, I assume 7;;; ~ Type I Extreme Value, and is
distributed independently of ;. I normalize the unemployment preference shocks common
to all individuals, ¢q, to be zero for all t. However, I make distributional assumptions on the
time-constant portion of unemployment preferences, xo. Specifically, I assume that xy can
actually take one of two values, either kg1 = 0 or kg2 > 0. This discrete random variable —

which indicates some preference to be unemployed separate from that captured by the direct

50This follows the approach of James Heckman & Burton Singer (1984). This method has been widely
used in the labor literature, with just one notable example being Zvi Eckstein & Kenneth I. Wolpin (1999).
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value of leisure — is distributed independently of all other individual-level random variables,
except the probability of being in income class 1 or 2. Let dy, = Pr(xo; = 0|classl) and
diy = Pr(ko; = 0|class2), with dy. =1 — dl‘,ﬂ

I am now in a position to set out the expression for aggregate labor supply to a particular
region/sector and aggregate product demands. The aggregate labor supplies require the
introduction of some notation. Use s to denote the region-sector choice. Note the slight
abuse of notation below, in that Pr(i € s|u,,) actually refers to Pr(i € s|m,, class m). Let
f(z) be the probability density function of a random vector x. Let IV; be the total number of
individuals in period ¢, and Ng be the total number choosing region-sector s in that period.

Then, leaving some of the time subscripts implicit, we have:

L% = NgE(higli € 5)

— Nu1= D) - Nl S [ o DLE ) ),

= N1 -p8)(T)Pr(i € s) — N,

2 00
LS [ e € sl )i
st m=1 —00

O / Z[(l _B)(T) - f e Pr(i € slom) (i)

To completely specify the aggregate labor supplies, we need expressions for the last two terms
in the integral. Let S be the set of region-sector combinations (excepting unemployment)
for which optimal hours of work are positive. Then, leaving time subscripts implicit, the
terms in the final expression above are:

1 =1/ pm—60m \2
— = ()
= e 2 om
f (b)) o2
2 K BB l—BT —Betim
Pr(i € s|pm,classm) = Zdﬂclassm — e 87w, + s 61,][3 —3

£ T o (D) ()18 + X e e 9% PT -+ "]
if seSt

=0 if s¢ St

Therefore, an increase in labor supply to a region-sector s can come from an increase in the
exogenous number of individuals, an increase in the share of individuals in s conditional on

non-labor income, or an increase in hours among workers already in s. For expositional ease,

51These choices regarding the flexible distribution of preferences for unemployment were made after pre-
liminary estimation showed that a simpler model with independence fit the data very poorly.
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in the rest of the paper I often use the pair (j,7) to refer to sector j in region r. To reflect
this, one can alter the expression above by replacing the subscripts where necessary.
The aggregate product demands are easier to express. These are simply:

YV S
vy = —=% E Wit L5 + My for x=o0,a,e,s
xt pxt(l_ﬂ) Tj Jrigrt
Tk S
Vi = S Y w5 + M
kt ri(1—5) 7 et '

This follows from an application of the same steps as used for labor supply above, though
here simplifications stemming from the Cobb-Douglas assumption on preferences produce

simpler expressions.

B.2 Government Product Demand

I assume that the government takes in net tax revenue of 74, and then spends this intake on
the composite good, the other agriculture good, ethanol, and sugar in the same proportions
that individuals do. Importantly, the government does not consume capital in the model.
Therefore, the consumption shares from above have to be normalized, and the summations

below are over all non-capital final goods only:

g
Yﬁ = — 2= 7 for x=o0,a,e5
Dt DV

ka =0
The scaling of the consumption shares ensures that the government’s budget balances.[g_gl

B.3 Agricultural Production: Aggregation Over Parcels

In the main text, I presented the parcel-specific profit-maximization problem underlying
land allocation decisions. By using assumptions for the distribution of land quality in each
region, I now derive expressions for aggregate product supply and aggregate labor demand
in each agricultural sector, in each region.

In order to produce the simplest possible expressions for aggregate quantities, I assume
that wj,, for j=1,2,3, are mutually independent and take the Type I extreme value dis-

tribution with parameter . That is, the probability density function of wj. is given by

52This is a simplification for the sake of the model, but in reality the government’s budget does not actually
balance in the national income accounts.
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Using these assumptions, I integrate over the parcels of land allocated to each use in
order to derive the share of land devoted to producing each good (Sj,+), total effective units
of land in each good (A;;¢), total labor demand in each sector (L%),), and total supply of each
good (Y3,). For convenience, define 7§,, such that 7%, (ujn) = w5, Let ¢y = In(n$,,)
and let A}, be the total amount of land in region r at time ¢. Let I'(.) denote the gamma
function, as opposed to the gamma density@

Beginning with the land shares, and dropping the time subscripts:

S; = cj—|—uj>ck—|—uk,c]—|—u]>cp+up)
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Total effective land units in use j, j=1,2 can be derived as follows:

A; = S;ATE(MYcj +uj > e+ up, ¢ +uj > cp +uyp)

00 ¢j—cptu; rcj—cptu; .
SAA*/ oNitu; S5 Jo 5 f(uyvukaup)duj

j—Crtuj ceru] 1 1
= / / / Yerituie™ Uk up g —e I —e” T updu

* g —u; (1 ) —e 5 “i(14e” 5 (e ) e ¥ Ck))
= A e du;
Y —oc0

* N > —y 7v(1+67%<C]’7%)+ei%<cjicp))
= A'eV v e dv
0

= A5 (Sjm) TIT(1 =)

T

53Timmins (2006) assumes use-specific land values are linear in heterogeneous errors that take the extreme
value distribution. In preliminary estimation attempts, I allowed 7y to vary across region, but the differences
among the parameters were very slight. For simplicity, I constrained the parameters to be constant across
region.

4That is, ['(z) = [~ t*~'e~'dt, and the function is defined for x € (0, c0).
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Note the implicit restriction that v € (0,1). This expression corroborates the intuition that
the marginal impact on effective land units of increasing the land share slightly is diminishing
in the land share.

Finally, from the expression for A;,, and the parcel-level labor demands and product

supplies, it is easy to see that aggregate labor demand and aggregate product supply in
sugarcane for region r are:

11*91 -0, 01— p1r
—Plr Pl 1 r1 (1—0
LD — M Tlfprn al—ﬂh» JFw 1*/”;7‘ (1 —« )1—};17‘ ot v
1rt  — 61 —piy 1t 1rt 1rt 1rt
1=p1r
W1rtTy
* 1—v Airt
* Artslrt F(l - ,7)6 "
0 919 p1 1 P 91(1(7;%,.;
1=0 = ir 1 p1r(1=01
S _ P1tY1 1—pi1pr  1—=p1p 1—p1y 1=
Yi, = ( i o A w7 (L= ) T
WirtTt

A7 S T(1 = y)et

*

Analogous expressions hold for other agriculture.
For these expressions to be useful in estimation, I need to parameterize \;,; for j = 1,2, 3,

®1rt, G2rt, and k4. Assume that for each j, Aj takes the following form:
)\jrt:)\gr—i_yjrt fOT' J=12.3

where v}, is a shock to land quality that is common to all parcels of land in the given region.
Set ¢jre = gb?,, + €;r¢ for j = 1,2, where €;,+ and ey, are shocks to production. Finally, let
Krt = Ky + Vgre, With v a shock to the tendency to allocate land to other agriculture.

It is important to note that this framework for agricultural decision-making is quite
limiting. For instance, the dynamic nature of production is not considered (see the conclusion
in the main text). In another example, the effects of government policy are not considered.
For sugarcane, for instance, special allocation of sugar export quota to the Northeast and
subsidies to sugarcane producers in the Northeast have persistently led to production in
areas that may not otherwise grow sugarcane.ﬁ In general, time-constant policy variation
across regions will be reflected in the estimated production parameters, while time-varying
policy changes will appear through the model’s error terms. Both outcomes are undesirable.

Future work could incorporate policy in a more satisfactory way.

55While there are some data on region-specific prices for ethanol and sugar (see http://cepea.esalq.usp.br/),
these data do not use consistent definitions across regions and are only available for the Northeast for 2001
onwards.
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B.4 Equilibrium

Finally, I formally define market equilibrium in the model. An equilibrium involves the
following conditions:

Capital and Labor

Yklt) + Z(Kg«t + KeDrt + th + Kﬁt + K2Drt) = K

L. = s

grt

fory =123 Vr

Intermediate and Final Goods

Z[Ylgrt + Yl?rt] = Z }/IEt

G S
Ya? + Yat = Z Y'Qrt - Y;ff

D G S X ;o
Y;t +Y;t - E :Y;rt_Y;t fOT’ t=0,8,€
r

Zero-profit Conditions

or 17 or
Doy . (w?)rt)ﬁ t( Tt ) Port Vr
tZort —
o ﬁort ]—_ﬁort
r .
Dit = @—i——t for i=e;s
At Bit

Trade Balance and Budget Constraints

poty;)t( + petY:t( + psty;i( + thYG)t( =0

PotYy + eV + oYy +pauYe + 1Y = Z wj?”thrt + M,
T.j

pOt}/:)? + pEt}/é? + pst}/;? + th}/;,Ct; = T

where total non-labor income is M; = r, K, + > [(1 — 02)par Yoy, + (1 — 01)p1 Y53, — 7.
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C Estimation Details

In the first sub-section, I delineate assumptions about the distribution of production shocks
and preference shocks to aggregate quantities in the economy. I also specify the parameters
to be estimated. In the second and third sub-sections, I present details on the likelihood

functions for the individual-level estimation and the aggregate-level estimation, respectively.

C.1 Distributional Assumptions and Parameters to be Estimated

I assume that all stochastic errors in the economy are normally distributed, independent
of one another. I allow the variance of the shocks to sugarcane land quality and share
parameters « to differ by region. However, the other agricultural shocks share a common
variance within a group; that is, all regional shocks to land quality in other agriculture have
the same variance, etcﬂ For agriculture, vi,4, Vart, V3rt, Virt, €104, and €9,y have mean zero

2

and variances given by 02, 0%, 025, 02,., 04,, and 02, For ethanol and sugar production

vir) elry
and exports, €.i¢, € d h d vari iven by o2,, o2
, €clt, €e2t, Esty €xet, AN €, have mean zero and variances given by o7, 0z,
2 2 2 T, gl - 2
0%y, O, and o3, And for the remaining categories, €;,, has mean zero and variance o7 ;, for

1 = p,b and §;; has mean zero and variance O'gi for ¢« = e,s,a, k. Finally, ¢+ has mean zj,
2

wjr
This leaves us with 190 parameters to estimate: (1) Four parameters governing marginal

and variance o2 . for each region-sector combination.

utilities of consumption, a., as, a,, and ag; (2) 21 land quality parameters )\?r, for j=1,2,3
and all regions; (3) Seven land allocation friction parameters, x,; (4) One land quality
distribution parameter «y; (5) Seven ¢? parameters in sugarcane; (6) Seven ¢35, parameters
in other agriculture; (7) Two CES parameters p; in sugarcane and other agricultureﬂ (8)
Two parameters governing decreasing returns to scale in sugarcane and other agriculture
6;; (9) Seven labor share parameters in composite good production, 3,,; (10) Seven TFP
parameters in composite good production, ¢,,; (11) Four parameters governing ethanol and
sugar production, «; and f3;, for j = e, s; (12) Three parameters z., x5 and (3, in ethanol

and sugar exports; (13) 21 means of the shocks to labor supply, zjr;lﬂ (14) 21 parameters

567 typically allow the variance of shocks to vary by region for those shocks that are associated with the
most cleanly identified parameters. The shocks to labor shares in composite good production, for instance,
are allowed to be region-specific. This is because, as will be clear below, the maximum likelihood estimate
of the associated parameter will simply be the mean of a certain transformation of the relevant quantities.
The estimate of the variance of the associated shock is simply the average of the squared deviations from
the mean.

57In preliminary estimation, I allowed these parameters to vary across region. However, given the con-
straints imposed on these parameters, the maximum value of the likelihood occurred at the upper bound for
all regions.

58In the complete model, these are not separately identified from the kjr. These items will play a role in
the linearized version of the model, however.
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governing the consumer preference for region-sector, x;.; (15) Two parameters indicating
the propensity to be unemployed, d,;, and dl\lﬂ (16) Five parameters giving the properties
of the non-labor income distribution, 7y, 61, 0, o1 and oy; (17) One parameter controlling
the preference for leisure, ; (18) 43 parameters governing the variance of shocks on the
production side of the economy; and (19) 25 parameters governing the variance of shocks to

preferences.

C.2 Likelihood of Individual Labor Supply Decisions

For each individual, we potentially observe four choices: whether or not they work, the
region of work, the sector of work, and hours. The last three are observed only for those
individuals who work. To assure coherence of the individual and aggregate models, the
likelihood function conditions on the vector of region-sector wages ;. and national-level
non-labor income M;. Let d;; = 1 if individual ¢ works, and equal zero otherwise. The

likelihood function is:

Ny
L=]]]I [Pr(di= 0w, M) T [[Lie(dit = 1, Bijr, 810 = (7, §) |00, D)) o0e= ()

t i=1 r.J

where h;j¢ is the hours choice and s; is the region-sector choice, with s;; taking a value
(r,j), for r = 1,....,7 and j = 1,2,3. Here, 1(s; = (r,j)) is an indicator function taking
a value of one if the chosen region-sector is (r,7). Let S' again indicate the set of region-
sector combinations for which optimal hours of work are positive at a given level of non-labor
income. Dropping some subscripts for expositional ease, for non-workers the components of
the likelihood contribution are:

oo pho= ()8 (Y15
/ GSICHS = L

Pr(d =0|w;,, M) = ZZd(z|classm)ﬁm 7

— 0o

eHm

1-p

K= e (D(—5)" 4 3 e 3wy (1) +wy o]

p,keSt

For workers we have

Lit(dit = 1, hijre, Sit = (7, J)|Wjre, My)

Z Z Tmd(z|class m)

P(dlt - 17 Sit = (T7j)|h’ij7‘t7 wj?"h Mta ClaSS m, /QOz)

X

X

f(hijrt|u_jj7‘t7 Mt7 class m, K/Oz)

59Note kg2 also determines unemployment. However, to ease identification, I simply set kg2 to a value of
6 in estimation. This value was chosen based on preliminary estimation.
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Note that after conditioning on hours, the income class is irrelevant in the probability of
region-sector. After conditioning on income class, the value of kg, is irrelevant in the density.
Dropping some subscripts, for workers the components above are then:

e 37w}, (T — )]

Pld=1,s= (r,j)|h,l<&0z,1l7jraM> =

D(z)
Wip 1-6
DG) = (1) | sl 6T~ 1]
w-rw_[3
+ D B | () wpk — wyr) + (T = h)
p,keSt 6

f(hlclass m, M) =

Conditioning on M in the last expression is important because 6,, for each year depends on

non-labor income in the year, as discussed above.

C.3 Likelihood Function for Aggregate Quantities

As noted in the text, the joint density of V, is:

oL o o oo 01 O
fWVie, Var) = g(€01e(Vie, Var) ) g (102t (Vae, Var) ) det ( QZ; g}g )
E

since Jl and 122 are independent. In fact, the errors within the vectors 7;1 and JQ are

independent as well, which breaks apart this density even further.

The next step in constructing the likelihood function involves finding expressions for the
error vectors Jl and JQ in terms of the endogenous variables. These expressions can then be
substituted into the densities above in the change of variables formula. There are convenient
expressions for 1;1:

Wirt 0191 Y10t — wireLare
T = - rl 1-—- r l - r
€1rt prrin( - )+ (1 = p1r)in( il ) — é1
v — In( Yire ) 61 n p1:01
1rt — * — -
A% (S1p)tT(1 — ) 101 “wipry
91(1 - plr) el e = —
l Pir P1r Pir (1 — o) TP ) — A ,
pir(1—01) n(ry, "ot w " ( Q1) T ) 1
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Tt ) ( P2 ) ( w2rtL27‘t
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AZy (S2p )T (1 =) 1—02 “wopry

0-(1 — ﬁzr _1 £27‘ 1
o in(ry ¥ 5+l (1= ) ) <
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)792527’

€ort = —parin(

Vort = ln(

Yi,+(1 -0
V3rt ")/l’fl(l - Slrt - S2Tt) - ln(Slrt) + lTL <w> — >\3r
Sort P1tY1r¢(1 — 601)
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where

1
T = E [Mt + 7 — Z((l — 01)puYie + (1 — 92)p2tY2rt):|
PstYst = Z ijrtLjrt + My + 7 — petYer — Zpotyort - ZPQtyzrt - KtDL
J T T T

Using the ratio of production to labor in each agricultural sector, one can obtain expressions
for a4 and g, in terms of the endogenous variables. These expressions can be substituted
in above to ensure that only exogenous and endogenous variables appear on the right-hand

side of all equations.
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D Additional Tables and Figures

Figure 6: Sugarcane Cultivation Area, Eight Quantiles in 2007 (Source: IBGE)

O NI 252 5k

Note: In both figures, darker areas indicate higher values.
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Figure 8: Prices in the Sugarcane Industry, 1981-2005
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Figure 10: Agricultural Prices in 1981-2005, Relative to 1981
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Figure 11: Median Hourly Wages, 1981-2005
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Table 13: Raw Data

Category Available in Data
Production Ylé;ta Yzﬁm Ye*?»t, Y;é;t
Prices D1ty Pets Psts P2ts Pots Wirt

Labor Hours Ly, Lopy, L3y
GDP Components | KP*, Y, YX*, Y5X*, Gf, VP, GDPyy

Land Shares Stres Sort, Sart

Table 14: Use of Raw Data to Construct Quantities

Can Use To Construct
GDP,; GDP;, GDPtN7 GDPy
Y% YX*, Y5£*, zero North net ex. for each good Y, YV YK
Gy, government budget balance T
7, GDP;, GDPtN, GDP; TtN, Tt
Yeﬁt? Yei(’ Ysﬁtv Ys)t(» Y2§~t’ Y2)t( Ye?v Ys]?’ Y2?
rthD*, GDPy, 7, GDP,, 1 rthD
GDPta Y;?7 Yg?a }/2?5 ’rthD) D1ty Pets Psty P2t Pot Yo?
X/e)t{a }/si(7 }/2)75(7 Pit, pet7)?st7 thv Pot, trade balance Yo)f;
Yot ’ Yot Yot
Ly, Lorg, L3re, Wirg, Wort, Wapg W B,
C;.D_Igt7 WBt, Tt Mt
VP4, pethta pstY;?m p2tY2§«t7 pltYf?»ty patY(g PotYth
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