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Abstract: In this article, we seek to present the synthesis of the global ethanol market in the United
States (US) and Brazil by using caloric equivalence to empirically characterize the elasticity of supply
and demand. We also seek to evaluate the relationship between world ethanol production and
prices of agricultural commodities (wheat, rice, corn, soybeans and sugar) from 1981 to 2016 using
climate-induced yield shocks as instrumental variables. The main results for the world market
indicate that the production and demand for ethanol respond elastically to changes in commodity
prices. The world ethanol production has no significant relationship with food prices. However,
evaluation of the ethanol market and its interaction with the agricultural commodities market
confirms the hypothesis that Brazilian ethanol is weakly related to the price of food.
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1. Introduction

The world scientific community has demonstrated constant concern for issues related
to the environment, either the undesirable impacts that economic activities cause, given
that climate change arises from the emission of greenhouse gases or because of possible
changes in the world energy matrix due to the future scarcity of the fossil energy sources
that form the basis of the current matrix, thus pointing to the need for renewable energy
sources. Approximately 87% of the fuel consumed in the world is of fossil origin: mineral
coal, oil and natural gas [1].

Although biofuels have gained strength as alternative sources of renewable energy,
mainly due to their environmental benefits, it is considered necessary by Ferreira Filho
and Horridge [2] to take into account that the worldwide expansion of biofuel production
has caused concerns about its impact on food safety and supply due to competition for
agricultural land. Researchers have linked this competition to recent increases in food
prices. França and Gurgel [3] emphasize that the discussion about biofuels becomes even
more heated when the issue of food security emerges. The evolution of food prices in the
last ten years, mainly between 2005 and 2008, is a unanimous cause for concern, since food
prices have risen dramatically around the world during this period.

In this context, fuel ethanol is the main biofuel globally. Thus, it becomes necessary
to conduct further studies related to development of the ethanol market, since this has
become an important topic in discussions regarding the global energy matrix. Such studies
should aim to analyze how the effects of increased production are related to changes in
the prices of agricultural commodities. To do so, studies should provide reasoning for the
drafting of public policies that take into account not only environmental issues but also
concerns with the increasing prices of food commodities, so that these commodities are
more efficient in terms of supporting the production and commercialization of ethanol.
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According to Cardoso and Bittencourt [4], becoming more familiar with the ethanol
market as well as the parameters of its short- and long-term demands is essential for the
preparation of public policies, especially those related to reducing fossil fuel consumption.
However, the literature on ethanol demand is still scarce compared to that for gasoline,
which is to be expected due to its importance as a substitute for gasoline outside Brazil,
even in the United States, which is its main consumer. Compared with gasoline, the market
share of ethanol was 9.84% in 2016, according to USDOE data [5].

The ethanol market is led by the United States (US) and Brazil, which together account
for approximately 85% of world production. According to data from the Renewable Fuels
Association [6], the world production of ethanol surpassed 100 million cubic meters in 2016,
equivalent to more than 100 billion liters and ethanol production in the US, at around 58
million cubic meters, represents almost 58% of world production. In that same year, Brazil
accounted for around 27% of global ethanol production, with its market share reducing 10
percentage points in ten years, while the European Union accounted for just over 5% of the
total volume, followed by China (3.18%) and Canada (1.64%), which were the other main
producers.

The Brazilian ethanol market is one of the main ethanol markets in the world due to
characteristics and specificities in terms of production and potential related mainly to the
input used: sugarcane. To meet the rising demand for ethanol in other markets such as the
US, large amounts of corn, soybeans, sugarcane and other plants must be used for ethanol
production [7].

In this sense, Roberts and Schlenker [8] estimated the effects of the ethanol mandate
in the US, suggesting that it could lead to an increase in food prices of around 30% and
an increase of about 2% in the global area used for production. The price transfer occurs
mainly through the use of corn as an input for ethanol production in the US and also by
the substitution of other cultures for the production of corn, considering the increase in the
demand for corn and the subsidies offered by the North American government. The US
ethanol mandate requires that about five percent of the world’s caloric production of corn,
wheat, rice and soy be used for ethanol production.

In the US, ethanol is produced from corn. In 1986, around 3.5% of corn production
was destined for ethanol production and in 2016 this percentage reached just over 36%
(USDOE, 2017). This shows the change in the allocation of the share produced from corn
used for ethanol production. The increase in ethanol production is shown in Figure A2
and we highlight 2007 as the year in which the US became the world’s largest producer,
maintaining this position until the end of the analyzed period. From 2007 onward, an
upward trend in the prices of agricultural commodities can also be observed (Figure A4).

Some studies have not found evidence that the price of ethanol significantly affects
the price of agricultural commodities [9,10], with others pointing out that the increased
price of commodities is related to the price of oil or that it has an influence on ethanol
prices [11,12]; even so, there is empirical literature relating the increase in prices, or at least
part of it, to the production of biofuels [8,13–17]. Considering such an effect, the present
study aimed to analyze the ethanol market and agricultural commodities (basic food) to
identify whether or not this effect exists more broadly by considering the two main players
of the ethanol market. Hence, from the results, it should be possible to point out the socially
optimal result in terms of impacts and/or the interrelation of these markets in the world
population.

Thus, the central point this study makes, already pointed out as a possible alternative
by other studies [18], is how sugarcane-based Brazilian ethanol fits in this context either by
enabling a real reduction in CO2 emissions or through benefits associated with not being
directly related to the prices of the main food commodities in the world. The hypothesis
that guides this study is that Brazilian ethanol may facilitate a reduction in or at least help
to control the current price increases that affect the main agricultural commodities in the
world (corn, wheat, rice and soy) via a reduction in the demand for corn used for ethanol
production in the US.
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To empirically analyze the relationship between ethanol production and the prices
of agricultural commodities, this study adopted the methodology used by Roberts and
Schlenker [8]. The authors presented a supply and demand model to determine the elasticity
of storable commodities worldwide. The estimated elasticity is used to assess the impacts
of the 2009 Renewable Fuel Standard in the US on the prices of commodities, quantities
and consumer surplus.

Thus, the focus of this study was to develop a synthesis of the global ethanol market,
empirically identify the elasticity of supply and demand and evaluate the relationship
between world ethanol production and the prices of both the main agricultural commodities
(wheat, rice, corn and soy) and also commodities linked to this sector (sugarcane).

The empirical strategy adopted here is to analyze how Brazilian and North American
production are interrelated with the world market, evaluating the relationship between
world production and prices. Therefore, the objective is also to estimate the supply and
demand elasticity for global ethanol production based on the proposed synthesis using
caloric equivalence in the analysis of interactions between the ethanol market and the main
agricultural commodities.

The main results for the world market indicate that ethanol production and demand
exhibit an elastic response to changes in prices. World ethanol production did not have
a significant relationship with food prices, but when evaluating the ethanol market and
its interaction with the agricultural commodities market, the hypothesis that Brazilian
ethanol is more weakly related to food prices was verified, thus representing new empirical
evidence that is the main contribution of this research.

2. Supply and Demand Model: Specification, Identification and Data

To assess the relationship between the increase in ethanol production and consumption
and changes in the prices of agricultural commodities and in the income of consumers
worldwide, this paper proposes a model that synthesizes the world market production using
the US and Brazil in the constitution of this market, since both countries jointly represent
about 85% of the world ethanol production in addition to being its main consumers, which
corresponds to a representative share of the world market. In this way, it is possible to estimate
the supply and demand elasticity of ethanol and its relationship with food commodities linked
to this market.

To enable synthesis and interconnection with the agricultural market, this study
adopted the methodology used by Roberts and Schlenker [8,19], transforming the quantities
of the main worldwide commodities into food caloric equivalents using the conversion
factors of Williamson and Williamson [20] and later aggregating them (quantities and
prices). The agricultural products analyzed are corn, wheat, rice, soy and sugar.

The aggregation of crops facilitates the simple analysis of basic food products on a world
scale. The practical reason for the aggregation is that prices of commodities tend to vary in a
synchronized manner, which prevents the identification of cross price elasticity. The correlation
of prices over time also suggests that the substitution possibilities are sufficiently high such
that the aggregate results represent a reasonably accurate characterization of the analyzed
markets [8].

2.1. Proposed Model

The analytical basis of the present study comprises studies that have analyzed the
ethanol market [7,8,10,18,21–26]. The main results mostly report a positive relationship
between the production of biofuels and the increase in food prices. This effect was verified
mainly for the production of ethanol in the US; however, this effect has not yet been verified
for Brazilian ethanol.

Thus, the proposed model seeks to synthesize the global ethanol market in order to
evaluate Brazil and the US jointly and individually, verifying the relationship between
ethanol production and the price of the main food commodities in the world based on the
contribution of Roberts and Schlenker [8], which can be expressed in its general form as:
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Supply : log(St) = αo + βolog(E[
pt

pt−1
]) + γowt + f (t) + ut (1)

Demand : log(Dt) = αd + βdlog(pt) + g(t) + X(t) + vt (2)

The quantities offered and demanded are indicated by St and Dt, respectively; pt is
price, which is equivalent to the marginal willingness to pay for the quantity demanded;
the parameters βo and βd are the elasticity of supply and demand; wt is the yield shock
induced by the climate at random; αo and αd are intercepts; and f (t) and g(t) capture
temporal trends in supply and demand resulting from technological change, population
growth and income growth. The variable X(t) represents other country-specific variables
introduced in the model. ut and vt are errors, other unobserved factors that influence
supply and demand.

Given that producers make production decisions before a year-long climate shock
and based on expected future prices, as well as on other supply or demand shocks that
may occur, supply is linked to the expected price. Therefore, in the supply equation, the
expected price (lagged in a harvest period) one year in advance is a more accurate measure
of the expectations of producers.

With regard to endogeneity, Roberts and Schlenker [8] highlight that prices are key
endogenous variables on the right side of supply and demand. The core of problem
identification is to estimate the elasticity of supply and demand given that unobserved
changes in supply and demand (ut and vt) affect prices through the equilibrium identity.
Without correcting price endogeneity, the elasticity of supply would be negatively biased,
since unobserved positive changes in supply (ut) could tend to reduce the price in a manner
all the more constant, creating a negative correlation between ut and price. Likewise, the
elasticity of demand would be positively biased, since unobserved positive changes in
demand (vt) could tend to steadily increase the price, creating a positive correlation between
vt and price. If the unobserved supply and demand shifts of ut and vt are correlated, the
biases may correspond to any direction.

Following the methodology adopted [8], the strategy for estimating the elasticity of
supply and demand is to use the instrumental variable method (IV) by means of two-stage
regression (2SLS), thus correcting endogeneity using simultaneous yield and/or lag shocks
to identify demand and supply. The baseline proxy for climate-induced yield shocks are
deviations from country-specific trends in the production yield of commodities linked to
ethanol inputs. For this, the annual production of the analyzed commodities, specific to
each country, is converted into food calories and aggregated to obtain a value for the shock
to the world supply. The premise is that deviations from income trends are exogenous
largely due to the random climate.

The challenges of using climate-based instruments are to obtain and link meteorological
data on a worldwide scale of cultivated areas and to identify some meteorological variables
strongly associated with productivity. Yield shocks are calculated as a proportion of
production by country and the area dedicated to cultivating each crop as an input in
ethanol production. Thus, the first stage of the regressions relates the log natural price
and the log natural future prices against current and lagged yield shocks wt up to lag k.
Therefore, the regressions of the first stage are:

log(pt) = πd0 +
k−1

∑
k=0

µdkwt−k + εdt (3)

log(E[pt|t− 1]) = πs0 +
k

∑
k=0

µskWt−k + εst (4)

At the second stage, structural Equations (1) and (2) are estimated, replacing the
expected price value of the first stage for real prices. For supply Equation (1), the natural

log of the production quantity is regressed in face of the forecast future price log(E ̂[pt|t− 1])
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and the supply shifter in the current period wt, plus the variable linked to the input; in
the general model, the price of agricultural commodities (PAl) is used, hereinafter called
price of food. The variables excluded from the first stage to the second stage of the supply
equation are the lagged yield shocks wt,t = tk− 1, ..., t− 1, which serve as instruments.
Thus, the two-stage supply regression model can be expressed by the following equation:

log(St) = αo + βolog(E[pt|t− 1]) + λowt + logPAl + ut (5)

The variable used to integrate the markets that allow for analyzing the variation in the
price of food (PAl) can be decomposed as follows:

PAlt = r1tPaccal + r2tPmcal + r3tPscal + r4tParcal + r5tPtrcal (6)

The price variables are price per calorie of sugar (Paccal), price per calorie of corn
(Pmcal), price per calorie of soy (Pscal), price per calorie of rice (Parcal) and price per calorie
of wheat (Ptrcal). The price of food (PAlt ) is defined by the caloric portion produced (r) in
the period t (∑i=5 rit = 1) of each commodity multiplied by their respective caloric price
(USD/food calorie). In this study, quantities (kg) are transformed into food calories and
their respective prices on the basis of caloric equivalence [8,19,20].

Thus, there is an average price per calorie calculated based on a diet with an average
consumption of 1800 daily calories. Therefore, the variable PAlt is the average price, in
USD, spent on food for one person per year based on a daily consumption of 1800 food
calories, considering the five commodities analyzed in the present study. According to the
FAO [27], the average global daily consumption is 1800 calories.

In the case of demand Equation (2), the natural log of the quantity consumed is
regressed in face of the predicted price, the price of a substitute good, gasoline (Pg) and
a variable that captures the variation in income in per capita terms (PIBpc). The variable
excluded from the first to the second stages of the demand equation are the supply shocks
wt,t = tk, ..., t. Thus, the equation that represents the regression of the estimated two-stage
demand model is:

log(Dt) = αd + βd
̂log(Pt) + logPg + logPIBpc + vt (7)

In addition, to estimate the ethanol supply and demand models for the US and Brazil,
this study used specific variables for each country in addition to those already presented in
the equations. For the US, estimates were made for the price of ethanol (Pe) and the price
of subsidized ethanol (PSe). The tested estimates also consider the following exogenous
variables in supply Equation (5): corn price (Pm), corn supply (Sm), corn yield (Rm) and a
variable for the portion of corn destined for ethanol production (ESm); in demand Equation
(7), these are the demand for gasoline (Dg), population growth (CP) and the market share
of ethanol (Mse). For Brazil, the following are exogenous variables in supply Equation (5):
sugar price (Pac), sugarcane price (Pca) and sugar supply (Sac); in demand Equation (7),
these are population growth (CP) and the introduction of flex-fuel vehicles tested in 2003
with the use of a dummy variable (D2003). The introduction of flex-fuel vehicles in 2003
made it possible for Brazilian drivers to choose between ethanol and gasoline, depending
on relative prices and the fuel economy.

2.2. Identification and Method of Procedures

To identify the supply, past yield shocks (induced by climate) were used to identify
the elasticity of supply βo. Roberts and Schlenker [27] highlight that this is possible because
past supply shocks that are induced by climate affect stocks and stocks affect the expected
price in subsequent periods. The fundamental assumption for consistent identification of
supply elasticity is that past supply shocks induced by the climate have zero covariance
with supply shifts not observed in the current period. Unobserved supply shifts may
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result from recurring problems or anticipated plagues, general macroeconomic phenomena,
government policies or other factors.

Therefore, the yield shock (related to climate change or temperature variation) indirectly
affects production (supply), since it influences the yield of the input related to ethanol production
and its final price (in the case of both sugarcane and corn), which will determine the choice of
the producer in how much “effort” to devote to producing ethanol, given the price of the input
(or in the case of the Brazilian producer, to direct a larger portion to sugar production).

In order to consistently identify the elasticity of demand βd, it is necessary for the
instrument to shift supply in a way that is plausibly unrelated to changes not observed in
demand. Technically, wt should have zero covariance at vt. According to the considerations
of Roberts and Schlenker [27], climate is a natural instrument for three reasons: first,
climate is clearly exogenous in an economic sense, as climate affects producers, but they
cannot affect the climate; second, from the point of view of producers (farmers), climate is
unpredictable and almost random at the time of planting, except perhaps for some cycles,
such as El Niño. The randomness of the climate suggests that it is not related to broader
economic conditions that are related to demand. Third, the climate has an obvious causal
link in the supply of agricultural commodities, which, in general, appears to have little or
no direct influence on demand. It is possible that climate may influence and change tastes,
hunger or general caloric needs.

In addition, other instrumental variables were tested in the identification. Of these, the
one found to be significant for model robustness and used in the caloric equivalence models
is the number of people that can be fed (Hal) considering a daily diet of 1800 calories (used
as a log) based on the caloric production of each country.

Thus, we progress to the identification of elasticity using shocks to specific yields of
each crop induced by the climate. First, the models with variables only for the ethanol
market and specific yields for each crop are individually estimated for each country (using
2SLS), as performed according to Luchansk and Monks [7] for the US and, subsequently,
both individually and aggregated. The general model is estimated using food caloric
equivalence to aggregate the agricultural commodities market (in relation to quantities,
prices and yield) and a further model with IV panel data is used considering the 2SLS
estimator to estimate the relationship between the global ethanol production market
(assumed as US and Brazil in the present study) and the basic food commodities market.

2.3. Data Source

The analysis period is related to the availability of data and information by the
government agencies of the US and Brazil, which are responsible for monitoring the biofuels
sector and also with the Food and Agriculture Organization of the United Nations [28]
and the International Monetary Fund [29]. Thus, the database consists of variables with an
annual periodicity covering the period from 1981 to 2016 and the monetary values were
corrected (deflated) to the dollar value (USD) in 2015. Below, this study presents a summary
of some of the variables used and their sources. Presented in Figure A1 (Appendix A) is
a complete characterization of all the information and the units of measurement for all
categorizations.

The database consists of variables related to ethanol production and consumption,
used as a proxy for supply and demand and the price of ethanol. For the US, this
information was obtained from the USDOE (production and consumption) and the Nebraska
Energy Office [30] (price).

For Brazil, these variables were obtained from IPEADATA [31] using ANP [32]
information as the primary source. The production variables and prices of agricultural
commodities, both for the US and Brazil, were the production of soy, rice, wheat, sugarcane
and sugar [28]; corn production ([33] for the US and [31] for Brazil); and the price of
soybeans, corn, rice, wheat and sugar ([29] internationally). Other variables are the price
and consumption of gasoline ([5,30], respectively, for the US and [31,32], respectively, for
Brazil) and climate change [28].
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3. Results and Discussion

This section presents the results for the ethanol supply and demand models as well as
for the relationship between the models and the food commodities market. The procedure
adopted for estimations and the presentation of results (Tables 1–3) consisted of initially
analyzing the ethanol market in the US and Brazil separately, estimating (2SLS) the supply
and demand equations of ethanol in the respective markets using the base input price
(monetary values for quantity). In the analysis of the relationship with the agricultural
market, the procedure considered the price according to caloric equivalence (monetary
value per calorie). After individually analyzing the markets considering their specifications
and caloric equivalence, a panel data model containing the 2SLS estimator was used by
applying the Baltagi [34] estimator (EC2SLS) to assess the market in an aggregate manner.

Table 1 shows the results for the US ethanol market. At first, models were estimated
using ordinary least squares (columns 1 and 2) and, later, the instrumental variables
estimator (columns 3 to 6).

As Table 1 shows, the elasticity price coefficients of supply in non-instrumented models
(panel A) are not statistically significant and present a sign contrary to the theory (indicating
a negative trend in supply elasticity when the estimation does not consider endogeneity)
in addition to being highly inelastic. However, by instrumenting the model, the price
elasticity of supply becomes positive, indicating that increases in the price of ethanol (Pe
and PSe) have a positive effect on its supply (models in columns 3 to 6). However, it
becomes statistically significant only when considering caloric equivalence (columns 5 and
6). Thus, the supply response to price changes is elastic (1.98 and 1.25 for columns 3 and
4, respectively) for the model without caloric equivalence and inelastic (0.49 and 0.48 for
columns 5 and 6, respectively) for the caloric equivalence models.

Therefore, increases in the price of ethanol lead to positive variation in the ethanol
supply, which is in accordance with the theory and with the results found by Luchansky
and Monks [7]. The supply price elasticity for the US is estimated considering the price of
ethanol paid to the producer and the subsidized price of ethanol (Pe and PSe, respectively),
which results from government subsidies that are discounted in the final composition of
the price.

Regarding the ethanol supply model, the positive and statistically significant relationship
with the price of food (0.74 and 0.65), that is, increases in equivalent food prices (PAl) by 1%,
leads to an increase in the supply of ethanol of approximately 0.74% (column 5, panel A)
when keeping the other variables constant. This shows a strong positive relationship (they are
positively correlated) with the prices of the other commodities under analysis, since for the price
of corn, the main input of American ethanol, prices have a negative relationship with the supply
of ethanol (−0.80 and −0.82, columns 3 and 4, respectively), even if they have no statistical
significance, which makes the analysis limited in terms of these coefficients. However, they
are in accordance with the economic theory and with the results reported by Luchansky and
Monks [7] for the price of corn (Pm) in the US.

With respect to the variable food prices (PAl), there is a positive effect in relation to the
increase in ethanol production; that is, there is a significant relationship between increasing
food prices in the US and the expansion of North American ethanol supply.

As for the ethanol demand model for the US (Table 1), as the demand is instrumentalized,
the elasticity of demand becomes more elastic and negatively related (according to the theory)
to the demand for ethanol and this is significant (with the exception of the model in column 6,
which considers subsidized prices). This result was also observed by Luchansk and Monks [7]
upon analyzing the ethanol market in the US. The price elasticity of demand of −4.34
indicates that a 1% increase in the price of ethanol leads to a 4.34% decrease in the demand
for ethanol, ceteris paribus. Therefore, the magnitude of the response to price changes is
greater on the demand side.



Energies 2023, 16, 2788 8 of 18

Table 1. Ethanol supply and demand model for the US.

Variable (1) (2) (3) (4) (5) (6)

A. Supply
Model

Constant −104.91 *** −35.04 ** −123.09 *** −86.49 *** −134.53 *** −125.17 ***
(10.2816) (14.3803) (22.8157) (23.9361) (6.7460) (6.7681)

lnPe (t − 1) −0.1005 1.9802 0.3519 *
(0.2921) (1.7909) (0.2052)

lnPSe (t − 1) −0.1022 1.2505 0.2850 *
(0.1448) (1.1375) (0.1602)

lnPm 0.1725 −0.4973 *** −0.8023 −0.8225
(0.1708) (0.1646) (0.9086) (0.9274)

lnOm 6.4488 *** 2.8231 *** 6.9566 *** 5.3051 ***
(0.5705) (0.7611) (1.0905) (1.4447)

lnRm −1.90 ** −0.4722 −1.8109 −1.5199
(0.8588) (0.6794) (1.3348) (1.3494)

lnPAl 0.7426 *** 0.6470 **
(0.1982) (0.2136)

lnRCM 9.5530 *** 9.0033 ***
(0.4153) (0.5481)

ESm 0.0511 ***
(0.0091)

IV No No Yes Yes Yes Yes
R-squared 0.9314 0.9696 0.7839 0.7926 0.9363 0.9343

F-stat 115.63 *** 256.52 ***

B. Demand
Model

Constant 43.29 −35.48 * 87.49 ** 14.43 14.17 −64.43 ***
(32.3691) (19.0206) (39.8071) (53.3604) (29.0068) (7.0568)

lnPe −1.6961 *** −4.0158 *** −4.3397 ***
(0.5391) (1.1242) (1.4529)

lnPSe −0.1291 −0.3306 −0.4482
(0.1379) (1.3308) (1.7216)

lnPg 1.6285 *** 0.2275 3.0116 *** 1.1724 3.2642 *** 1.2468*
(0.3795) (0.1592) (0.6219) (1.2756) (0.9628) (0.6717)

lnDg −6.6717 ** 0.2980 −6.8382 ** −7.0358 *
(2.8155) (1.9252) (2.8123) (4.0331)

lnPIBpc 9.9705 *** 4.1029 ** 6.7276 ** 12.7094 *** 0.8771 7.0193 ***
(2.3909) (1.8451) (2.779) (2.7034) (2.4051) (0.6327)

CP −0.5381 0.0888 0.4399
(0.4138) (0.1877) (0.6505)

Mse 0.1938 ***
(0.0162)

IV No No Yes Yes Yes Yes
R-squared 0.9431 0.9885 0.9133 0.9138 0.8913 0.8970

F-stat 277.46 *** 497.73 ***

Note: Columns 1 to 4 represent the estimates using monetary values for prices of food commodities, while
columns 5 and 6 show estimates transformed into caloric equivalents. Robust standard errors in parentheses.
*** p < 0.01, ** p < 0.05, * p < 0.1. Source: Research results.

There is a positive and statistically significant relationship between gasoline cross
price elasticity in relation to ethanol demand, in addition to being elastic in both models
(3.01 and 3.26 for models without and with caloric equivalence, respectively, considering
the model of non-subsidized prices), showing that it is an adequate substitute in the North
American market. Therefore, increases in the price of gasoline lead to a greater demand
for ethanol.

The same effect also occurs with respect to increases in per capita income, which were
shown to be statistically significant in almost all models (with the exception of column 5)
in explaining variations in the demand for US ethanol. When the price of ethanol with
subsidies is considered in the analysis (PSe, columns 4 and 6), the results are not statistically
significant with respect to the elasticity of demand price, which was expected since these
are not the prices practiced in the market. Thus, they cannot explain the variations in
ethanol demand.

The results presented in Table 2 refer to the supply and demand model for the Brazilian
ethanol market from 1981 to 2016. For the supply model (panel A), when the model is
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not instrumentalized, the price elasticity of supply (Pet−1) is inelastic, negative and not
significant. However, after instrumentalization, it increases in magnitude, becoming elastic
(3.5615 and 3.4183) and statistically significant for both models (with and without caloric
equivalence: columns 3 and 4, respectively). The effect is in accordance with the theory,
since the elasticity of supply is positive. Therefore, the price elasticity of supply indicates
that changes in the price of ethanol have a greater effect on the supply side, with a 1%
change in the price of ethanol leading to an increase of approximately 3.4% to 3.6% in the
supply of ethanol.

In the supply model (panel A, columns 1 and 2), the results for the sugar and sugarcane
price coefficients showed a negative relationship with the ethanol production in Brazil, as
expected. In the Brazilian market there is the possibility of sugarcane (input) being used
for the production of sugar or ethanol, this decision depends on the relative price ratio
between the two products. When there is a favorable price ratio for sugar in relation to
ethanol, it reduces the supply of ethanol. As an example, the results show if the price of
sugar increases by 1%, the supply quantity of ethanol will reduce by approximately 0.92%,
ceteris paribus.

For the caloric equivalence model, the variable for food prices (PAl) is found to
be statistically significant in explaining the Brazilian ethanol supply, with a negative
relationship. Therefore, the increase in the ethanol supply in the Brazilian market has a
significant and negative relationship with the prices of the agricultural commodities under
analysis, showing that when food prices increase by one percentage point and keeping the
other variables constant, there is a reduction of 1.64% in the supply of ethanol.

Table 2. Ethanol supply and demand model for Brazil.

Variable (1) (2) (3)

A. Supply Model
Constant 4.4488 0.2257 3.0532

(1.4080) (6.8276) (5.3243)
lnPe (t − 1) −0.0742 3.5615 *** 3.4183 ***

(0.2526) (1.3354) (1.2888)
lnPac 0.4881 *** −0.9242 **

(0.1572) (0.3915)
lnPca −0.1903 * −0.6410

(0.1070) (0.4406)
lnOac 0.6119 ***

(0.0986)
lnPal −1.6429 *

(0.8956)
IV No Yes Yes

R-squared 0.7482 0.6125 0.6589
F-stat 30.55 ***

B. Demand Model
Constant 12.6883 −14.0902 −8.4724

(13.8388) (103.0853) (92.0453)
lnPe 1.0947 ** −0.8548 −0.3124

(0.4830) (7.1341) (5.6588)
lnPg −1.3076 ** 0.2683 −0.2357

(0.5239) (5.6053) (4.0437)
lnPIBpc 0.6795 3.595 2.9979

(1.4141) (11.2865) (10.1718)
CP −0.6015 0.2169 0.1473

(0.5876) (3.2291) (3.4235)
D2003 0.0536 −0.1549

(0.2681) (0.776)
IV No Yes Yes

R-squared 0.7588 0.6403 0.6953
F-stat 21.37 ***

Note: Columns 1 and 2 represent the estimates using monetary values for prices of food commodities, while
column 3 shows estimates transformed into caloric equivalents. Robust standard errors in parentheses. *** p < 0.01,
** p < 0.05, * p < 0.1. Source: Research results.
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Regarding the demand model (panel B, Table 2), the price elasticity of demand has a
positive relationship for the non-instrumentalized model (IV). However, for the models
with IV, it becomes negative, which is in accordance with the theory, since price increases
reduce the demand for ethanol. However, it was not significant and inelastic (−0.8548 and
−0.3124) even in the calorie equivalence model (column 4).

For the cross price elasticity of gasoline, a contradictory result is observed in the
caloric equivalence model: it was negative. However, for the model without equivalence,
its coefficient is positive, indicating that increases in the price of the substitute good lead to
a greater demand for ethanol, as expected. However, there the price increase is relatively
low, since the response is inelastic (0.2683). This partially contradictory effect may result
from a good portion of the ethanol produced and consumed in the Brazilian market being
used together with gasoline (as a mixture), which results in these fuels being listed as
complementary.

The demand response to variations in income is elastic (2.99 and 3.59), indicating that
ethanol can be considered a normal good in Brazil. Therefore, the income elasticity shows
that a 1% change in the income leads to an increase of approximately 2.99% to 3.59% in
the demand quantity of ethanol. However, this relationship is not statistically significant.
Population growth showed a positive relationship with ethanol demand quantity, but also
not significant.

Finally, the variable created to capture the change in the ethanol demand pattern after
the introduction of flex-fuel (D2003) cars was not significant, indicating that there is no
change in the pattern. However, the results for demand models with IV did not present
a statistical significance for the considered variables, which makes their analysis limited.
However, a possible explanation for this is related to the time window (annual data), which
presents limitations due to the period under analysis and data availability, which does
not invalidate the economic sense of the results given the series available and used in the
present analysis.

Table 3 shows the results for the ethanol supply and demand model for the world
market. Based on the caloric equivalence, with respect to the variables linked to the
analyzed agricultural commodities, all estimated models (Table 3) use aggregation and are
instrumented with caloric yield shocks induced by the specific climate of each country. The
specifications and variables were presented in the previous section.

In panel A (column 2), the global ethanol supply model shows an elastic and significant
response to changes in price (1.3464), which is in line with expectations, since price increases
should lead to a greater quantity to be produced in the next period. The cross price elasticity
with food was negative and without a statistical significance. The negative relationship of
food prices (PAl) with the supply of ethanol is to be expected given the relationship with the
input of this variable. However, this variable has no statistically significant relationship for
explaining the variations in the supply of ethanol. Therefore, when the market is analyzed
in an aggregate way, there is no significance of this variable in explaining the ethanol supply.
Differently, when the markets are individually analyzed, there is an indication of price
relationship between ethanol production and food prices, though with divergent signs for
the US and Brazil.

Regarding the demand model (panel b, column 4), a statistically significant, highly
elastic response (−5.35) to changes in price was found, showing a negative relationship
between ethanol price and demand; that is, price increases lead to a reduction in consumption
(demand), as theoretically expected. Therefore, an increase in the average ethanol price of
1% is associated with a reduction in ethanol demand quantity in the world of 5.35%.

The cross price elasticity of gasoline in relation to demand presents a positive (3.65)
and statistically significant relationship, showing that gasoline is an adequate substitute
for ethanol in the world market. Therefore, positive price variations of gasoline lead to
a greater demand for ethanol consumption in replacing gasoline. In the same way, they
increase the price of ethanol while reducing the demand for ethanol, increasing the demand
for gasoline, in light of the substitution effect.
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Table 3. Ethanol supply and demand model for the world ethanol market.

Variable (1) (2) (Variable) (3) (4)

A. Supply
Model

B. Demand
Model

Constant 14.9651 *** 9.5901 * Constant 4.4124 11.6160 ***
(2.8355) (5.4763) (2.8466) (4.0456)

lnPe (t − 1) −0.4324 1.3464 * lnPe −2.8832 *** −5.3518 ***
(1.0439) (0.7899) (0.9438) (0.8453)

lnPal 0.7523 −0.3575 lnPg 2.6531 *** 3.6461 ***
(0.6906) (0.1102) (0.3848) (0.4044)

IV No Yes lnPIBpc 1.3054 *** 1.5425 ***
Observations 69 69 (0.0729) (0.2114)

VI No Yes
Observations 71 71

Note: Robust standard errors in parentheses. *** p < 0.01, * p < 0.1. Source: Research results.

The demand elasticity income coefficient (PIBpc) also shows a positive sign (1.54),
which is significant and greater than the unit, indicating that ethanol is a normal good for
which the demand is positively affected by increases in income. For each rise of 1% in the
average income, an increase of 1.54% is expected in the demand for ethanol in the world.

In summary, the results of ethanol supply and demand models show that when the
ethanol market is analyzed in aggregate, ethanol production does not present a significant
relationship with the price of agricultural commodities. When analysis is individually
conducted for countries, such as in the case of the US, this relationship becomes significant
and is positive; for Brazil, the relationship, besides being significant, is negative. This shows
that positive variations in the price of food imply an increase in ethanol production in the US
and, conversely, a reduction for Brazil. In this sense, increased use of Brazilian ethanol, to
the detriment of US ethanol, could contribute to the existing price ratio, softening the impact
on the price of food or even ceasing to be significant when the market is analyzed together.

4. Conclusions

This study aimed to estimate the supply and demand elasticity in global ethanol
production based on the proposed synthesis using caloric equivalence in the analysis of
interactions between the ethanol market and the main agricultural commodities.

An important growth in world production and demand for ethanol was identified for
the period from 1981 to 2016, as well as a consolidation that occurred gradually in the US
as the largest producer, consumer and exporter of ethanol in the world.

For the US ethanol market, ethanol production shows an inelastic relationship to price
that is statistically significant when caloric equivalence is used in the analysis and the
relationship is elastic and not significant when equivalence is not taken into account. A
positive relationship was found in all instrumented models, indicating that changes in
demand are reflected as price increases that are relatively larger than the actual changes in
production (inelastic response). Although no significant relationship between corn price
and ethanol production was found in the equivalence model, the production of ethanol
shows a positive and significant relationship with the price of food. The price elasticity
of demand indicates a strong relationship between consumption and the price of ethanol,
as well as the elasticity of income. The results also indicate that gasoline is considered an
adequate substitute for ethanol in the US market.

The Brazilian ethanol market showed statistically significant price elasticity in response
to supply, indicating that the efforts dedicated to production are highly influenced by the
predicted prices. The production (supply) of ethanol in Brazil shows a significantly negative
relationship with the price of food, in contrast to that verified for production in the US.
The demand is inelastic with respect to price and there is a negative, though insignificant,
relationship between ethanol consumption (demand) and price. The cross price elasticity
shows that gasoline is a substitute for ethanol in Brazil in the model without caloric
equivalence. However, the coefficient is not statistically significant.
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Among the main results for the global ethanol market, there is a statistically significant
elastic response of ethanol production to changes in ethanol price. Therefore, changes in
demand will mainly lead to changes in ethanol production instead of variations in the price
of ethanol. Another interesting result is that world ethanol production is not statistically
significantly related to food prices. On the demand side, the high price elasticity of demand
suggests that ethanol prices have a strong effect on the quantity of demanded ethanol.

Therefore, regarding the study hypothesis that Brazilian ethanol may facilitate a reduction
in or at least help control the price increases affecting the main agricultural commodities in
the world by reducing the demand for corn for use in ethanol production in the US, it appears
that this may be an alternative to possible public policies aimed at increasing use of Brazilian
ethanol relative to North American ethanol; that is, larger-scale use of the Brazilian product to
the detriment of the American product may have a comparatively lower impact on food price.

The contribution of this work is estimates of supply and demand elasticity at the
international (worldwide) level for the ethanol market, thus representing a novel contribution
not yet documented in the existing literature. Among the main results, it is worth highlighting
that the results of this study demonstrate that the Brazilian product can have a possible
positive influence if used on a larger scale and to the detriment of the North American
product in the current scenario of rising prices of food commodities worldwide. In addition,
regarding the ethanol market, there is an empirical contribution in relation to the calorie
equivalence model, analyzed individually for Brazil and the US, with aggregation of the
global ethanol market, which had so far been unexplored.

The results also contribute to future studies evaluating the effects of using more corn
on Brazilian ethanol production, which still has a low percentage of corn use as input in
ethanol production (less than 5% in 2019 [35]). This reduced percentage of corn use in
Brazilian ethanol production is one of the factors that explain why the ethanol production
has no relation with the increase in the Brazilian food prices. This aspect is different from
the American market, where most of the input used for ethanol production is corn.

Regarding possible limitations, future studies should strive for advances in relation
to the amplitude of the global ethanol market in a way not limited only to the two main
consuming and producing countries. However, for this, ethanol use should be increased
in these markets on a continuous basis and there must be greater monitoring in terms of
statistical information in the countries that have more recently become part of the market.
Another possible limitation is the aggregation of food commodities in relation to the prices
and equivalent yields (caloric) of the analyzed variables. However, an “approximate”
dimension of the expansion of the world market and its interaction with the agricultural
commodities market is becoming necessary.
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Appendix A

Figure A1. Variables, units and their sources. Note: * For the construction of the RCac variable, the
number of planted/harvested hectares of sugarcane was used as a proxy; ** Average caloric yield
excluding sugarcane yield; *** Total average caloric yield. Source: Elaborated by the authors.
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Table A1. Data description.

The US

Variable Mean Std. Dev. Min Max

O 16,300,000.00 19,200,000.00 853,443.80 56,100,000.00
D 16,200,000.00 19,000,000.00 836,490.00 55,000,000.00
Pe 624.43 179.25 380.01 1,104.40
Pg 449.54 196.22 185.66 828.24
Pac 384.64 119.38 191.72 659.40
Pm 197.02 59.15 119.49 324.69
Ps 402.69 105.89 227.30 619.62
Par 444.57 173.46 232.62 771.65
Ptr 242.74 66.90 138.77 394.34
Oac 7,024,539.00 888,758.90 5,106,500.00 8,202,000.00
Om 243,000,000.00 55,200,000.00 165,000,000.00 349,000,000.00
Os 70,600,000.00 17,000,000.00 42,200,000.00 107,000,000.00
Oar 8,302,231.00 1,520,153.00 4,523,200.00 11,000,000.00
Oca 28,400,000.00 2,964,643.00 24,800,000.00 36,100,000.00
Otr 60,500,000.00 7,083,415.00 43,700,000.00 75,300,000.00
Dg 462,000,000.00 50,800,000.00 373,000,000.00 528,000,000.00

MSe 3.14 3.50 0.22 10.70
ESm 13.20 13.47 1.23 41.88
PSe 419.44 168.64 152.16 714.61

PIBpc 47,369.16 6,200.23 34,263.02 56,207.04
H 276,000,000.00 28,400,000.00 232,000,000.00 321,000,000.00

CH 1,053,508.00 91,355.80 897,795.80 1,245,894.00
CP 0.99 0.18 0.70 1.39
PA 49.42 12.74 28.01 70.81

BRAZIL

Variable Mean Std. Dev. Min Max

O 15,100,000.00 6,437,400.00 4,207,000.00 28,500,000.00
D 12,900,000.00 5,813,455.00 2,553,331.00 28,800,000.00
Pe 783.21 184.20 467.79 1,265.43
Pg 1,166.04 295.76 777.99 1,977.03
Pac 401.48 154.16 191.72 974.28
Pm 201.14 63.17 119.49 341.17
Ps 410.69 114.56 227.30 682.67
Par 467.91 219.69 232.62 1,261.28
Ptr 248.86 75.21 138.77 457.04
Oac 20,500,000.00 11,700,000.00 7,793,400.00 40,200,000.00
Om 39,300,000.00 18,200,000.00 21,300,000.00 85,300,000.00
Os 38,800,000.00 23,900,000.00 12,800,000.00 97,500,000.00
Oar 10,600,000.00 1,628,220.00 7,420,931.00 13,500,000.00
Oca 402,000,000.00 193,000,000.00 156,000,000.00 768,000,000.00
Otr 3,914,163.00 1,652,022.00 1,533,871.00 6,261,895.00
Dg 19,500,000.00 10,900,000.00 7,400,000.00 44,400,000.00

PIBpc 12,564.59 2,130.01 9,016.90 16,294.18
H 168,000,000.00 25,000,000.00 124,000,000.00 206,000,000.00

CH 485,663.60 167,316.40 299,494.70 862,237.40
CP 1.52 0.46 0.85 2.34
PA 46.65 14.69 26.31 99.09

Source: Research results.
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Figure A2. Ethanol production (supply). Source: Elaborated by the authors using data of the USDOE
(2017) and ANP/IPEADATA (2017).

Figure A3. World ethanol production by country and region. Source: Elaborated by the authors
using data of the RFA (2017).
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Figure A4. Price of agricultural commodities. Source: Elaborated by the authors using data of the
IMF-IFS (2017).

Figure A5. Ethanol price. Source: Elaborated by the authors.
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