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ABSTRACT. The world has been witnessing the dual crises
from the Covid-19 pandemic since 2019: (i) the economic
crisis; and (ii) the health crisis. During crisis, it is important
to revisit the sustainability of two of the most important
policies on agriculture and energy for any country. Corn
has played an increasingly important role in the U.S.
agricultural market. As of 2018, corn accounts for about
95 per cent of the U.S. total feed grain. As such, corn is
generally placed at the centre of the policies on agriculture
in the U.S. The primary reason for the rise in corn
production and use is due to the expansion of ethanol
production. This expansion pushes corn prices to increase
and provides an incentive for people to enlarge corn
acreage. In addition, ethanol production has rapidly
expanded over the last few decades in the U.S. Corn
ethanol is expected to be a viable alternative for oil. We
consider that the expansion of ethanol and corn
production has many consequences. Corn price and the
prices of many agricultural commodities have dramatically
increased during the last decade. In this paper, the Auto
Regressive Distributed Lags (ARDL) technique together
with the bounds test and the estimation of short-run and
long-run elasticity are utilized for the 1980-2018 period
using the U.S. data. Empirical results from our paper
confirm the long-run relationships between corn used in
ethanol and the acreage for corn. In addition, results from
our analyses support the view that the expansion of corn
ethanol is a key reason behind the increase in corn
acreage. We also consider that the increase in demand for
corn used in ethanol production is more likely to affect
the acreage. This finding implies the important role of
ethanol production and expansion in the change of land
use in the U.S.

Keywords: corn, bio-ethanol production, acreage, auto-regressive
distributed lags, sustainable agriculture & energy, The U.S.
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Introduction
Corn has played an increasingly important role in the U.S. agricultural market. As of
2018, corn accounts for about 95 per cent of the U.S. total feed grain. Corn acreage has grown
1.5 times to over 90 million since the 1980s (Wald, 2018). The increase is largely due to a spike
in the number of large corn farms, while small corn farms had been reduced significantly. The
primary reason for the rise in corn production and its use is the expansion of the ethanol
production, which pushes corn prices to increase and incentivizing people to enlarge corn
acreage. However, with most cultivated farmland already used to plant other crops, finding
ways to increase corn acreage may be a challenging task. A few approaches have been initiated
to increase land for corn planting, including adjusting crop rotations between corn and
soybeans, using cropland as pasture and reduced fallow. The ethanol industry in the U.S. has
been growing rapidly in recent decades. The number of biofuel refineries had grown fourfold
since 1999. However, during the last few years, the ethanol industry has had a bit of a drawback
with many people calling for a reduction in ethanol production in fear of pollution. In 2019, 20
ethanol plants in the U.S. got closed down, resulting in 300-million-gallon reduction compared
to 2018. Despite the decline, the ethanol industry still had positive contributions to the U.S.'s
economy with $23.3 billion in household income and 68,000 direct jobs and overall contributed
$43 billion to the national GDP (Renewable Fuels Association, 2020).
The U.S. economy has become steadily less energy-intensive. In 1949, it took 15,175
Btu to generate each dollar of real gross domestic product, while in 2018, it only took 5,450.
Per capita energy use in the U.S. had also been trending down since the 21st century. On
average, each American in 2000 used about 349.8 million Btu. By 2017 that had fallen to 300.5
million Btu, the lowest figure in five decades (Desilver, 2020; Pham and Vo, 2017). The U.S.
energy market had seen a great transformation in the past few decades. The use of energy in the
U.S. has become more efficient, with only 5,450 Btu needed to generate one dollar of real GDP
in 2018, as compared to three times that amount in the 1950s. In 2017, per capita energy use
had also gone down 14 per cent since 2000, marking its lowest point in decades (Desilver,
2020).
Fossil fuels still play a dominant role in the U.S. energy structure, accounting for 79 per
cent of the country energy sources. Within fossil fuels, crude oil and natural gas are gaining
importance, taking up 80 per cent of total production. At the same time, coal has declined
quickly, from nearly 35 per cent in 2008 to only 16 per cent of total domestic energy production
in 2018. Renewable energy is a distant second behind fossil fuels, accounting for 12 per cent of
total energy production. Among them, hydropower is the biggest renewable source, followed
by wind, wood and biofuels. Solar energy has witnessed the largest growth out of any energy
source in the U.S. From 2008 to 2018, the total electricity generated by solar power increased
nearly 46 times, from over 2 billion to 93 billion kilowatt-hours. Nonetheless, solar still
contributed very little to the U.S.'s total energy production, accounting for about 1 per cent in
2018 (Desilver, 2020).
Although corn ethanol is expected to be a viable alternative for oil, the expansion of
ethanol and corn production has many consequences (Vu et al., 2020). Corn price and the prices
of many agricultural commodities have dramatically increased during the last decade. Ethanol
subsidies and market demand for ethanol are responsible for 20 per cent of the increase in corn
price during 2007-2008 (Gecan et al., 2009) and 36 per cent during 2006-2009 (Babcock and
Fabiosa, 2011). Various studies show that agricultural prices tend to be correlated to crude oil
price after the growth of biofuel (Chang et al., 2018; Su et al., 2019; Vo et al., 2019). The
correlation is considered one of the main reasons leading to the recent food price crisis.
Multinational corporations and modern technology have a significant but complex role
in ethanol implication, food security and the development of the agricultural sector. On the one
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hand, multinational corporations have a positive effect on the development of the agricultural
sector through large investments on modern technologies to improve agricultural productivity
and to promote the commercialization of the second generation of biofuel which does not use
food crops for energy generation (K. Fuglie, 2016; K. O. Fuglie, 2016; Sims et al., 2010). Both
activities tend to reduce the negative effect of ethanol expansion on food security. On the other
hand, multinational corporations can have a negative effect on agricultural development and
food security through land grabbing. Researchers found that FDI inland of investors from
developing countries may lead to negative environmental spillovers such as water pollution and
soil degradation, which reduce cropland and agricultural yields (Constantin et al., 2017;
Santangelo, 2018). Moreover, agricultural modernization and mechanization increase the
dependence on energy consumption, which can exacerbate the food crisis when fossil fuel
prices increase (Baumeister and Kilian, 2014).
This paper is conducted to examine and investigate the impact of ethanol expansion on
the planted acreage. Bor and Bayaner (2009) consider that farmers often decide the level of
production based on harvest crop prices. We argue that corn ethanol may be a key reason behind
the increase in corn acreage albeit other reasons such as the harvest prices, such as adverse
weather conditions, changes in exchange rates or increase in energy prices (Fox et al., 2011;
Mitchel, 2008; Wallander et al., 2011).
1. Literature review
Findings from various studies consider that ethanol expansion has led to an increase in
corn production. Li et al. (2019) examined the effects of ethanol plant proximity and crop prices
on cropland acreage using a nationwide panel data of 2535 counties in the U.S. during the period
2003 – 2014. The study focused on analyzing the direct effects of corn ethanol production on
land use in its vicinity without explicitly controlling for the effect of crop prices. Empirical
findings indicated that corn ethanol production had a positive and statistically significant direct
effect on corn acreage and aggregate cropland acreage at the county level. However, the effects
were reversed by the drop in crop prices around 2012. Feng and Babcock (2010) developed an
economic framework to assess the land-use impacts of biofuels. The authors analyzed land-use
changes in ethanol expansion with mediating roles from ethanol production, acreage allocation,
and crop markets. Two drivers behind land-use changes were examined: (i) government
subsidies for ethanol and (ii) government mandates on the quantity of ethanol use. They had
opposing effects on cropland yield, with subsidies inducing more land used for planting
production, while mandates caused a decrease in total cropland.
In contrast, Shrestha, Staab, and Duffield (2019) find that there is no significant landuse change caused by the expansion of corn ethanol. The authors investigate the correlations
between biofuel production and food prices or land-use changes in the U.S. from 1973 to 2016.
The authors compared the food price index before and after the biofuel boom in the 2000s to
evaluate biofuel's impact on the inflation rate. Empirical findings failed to confirm the
difference in CPI for food between the periods. Crude oil was discovered to be highly correlated
with the increase in food prices. Finally, even though there was evidence of land-use change in
a satellite image, the difference was determined to be within the margin of error. Motamed et
al. (2016) measured corn and total agricultural area in the United States from 2006 to 2010.
Using grid cell data, acreage in corn and overall agriculture were found to grow in alreadycultivated areas and develop into uncultivated areas. Acreage in corn and total agriculture both
had a high correlation with ethanol plants proximity; however, the impact diminished over time.
In a recent paper, Katchova and Sant’Anna (2019) examine the effects of ethanol plant
location on corn revenues in the U.S. Analyzing the 2015 and 2016 rounds of the USDA
Agricultural Resource Management Survey using spatial difference-in-differences. Findings
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from this paper fail to confirm a statistically significant effect of ethanol plant location on corn
contract revenues with the focus on the same county. However, findings from this paper provide
evidence to confirm the effect of ethanol plant location on corn contract revenues with the focus
on the adjacent counties. The authors note that revenues are higher in the regions with the
presence of ethanol plants. As such, they conclude that the main factor for the high revenues in
these regions is due to the local competitive advantage. Fatal and Thurman (2014) argue that
from 2002 to 2008, the ethanol production capacity in the U.S. increased more than threefold.
The authors aim to explore the impact of such acceleration on corn acreage. Using data from
the Renewable Fuel Association for approximately 143 plants, findings from their paper
indicate that a typical plant which is built in the county can increase corn in the same region by
over more than 500 acres. These newly built plants can also increase acreage in surrounding
counties.
The brief overview of biofuel production shows various consequences on agricultural
commodities throughout several aspects such as planted acreage or crop price. However, the
response of agriculture acreage or price to corn ethanol production is ambiguous. On the one
hand, no significant relationship between corn ethanol production and planted acreage has been
found (Shrestha, Staab, and Duffield, 2019; and Katchova and Sant’Anna, 2019). On the other
hand, corn ethanol production has been confirmed to provide an effect on corn acreage or
agricultural acreage (Li et al., 2019; and Fatal and Thurman, 2014). In addition, government
invention has also provided mixed effects on the relationship between ethanol production and
planted acreage (Feng and Babcock, 2010). Previous studies have utilized panel data analysis
to examine the response of planted acreage and agricultural commodity price to ethanol
production (Li et al., 2019; and Katchova and Sant’Anna, 2019). The panel data analysis has
several advantages. First, a panel data forms a relatively larger sample in comparison with
cross-sectional or time-series data. Second, a large sample allows the addition of more control
variables into the model to take into account potential effects from various factors. However,
panel data also exhibit limitations. Panel data is usually employed to capture a short-term
correlation between variables. Endogeneity is generally considered a critical issue in a panel
data analysis. On the other hand, a time-series analysis is usually an alternative to a panel
technique to mitigate the potential endogenous problems (Menegaki, 2019). In particular, the
ARDL model, which is adopted in this study, provides superior advantages for the current
study. The ARDL model can perform well with a small sample which is a typical problem of
time-series analysis at the aggregated level. Second, the optimal lag of variables in the model
helps mitigate the biased estimations caused by the potential problem of endogeneity (Vo et
al., 2020).
On the above considerations, our study contributes to the current study on the following
two aspects. First, we directly examine the relationship between corn ethanol production and
corn planted acreage in the U.S. Second, we utilize a time-series analysis in the current study
to overcome a potential problem of endogeneity. Furthermore, we employ the ARDL model to
examine the response of corn planted acreage to corn ethanol production in both long-term and
short-term horizons.
2. Methodological approach
2.1. Conceptual framework
Previous studies show that agricultural supplies respond to price and non-price factors.
As farmers have an incentive to allocate their resources to the most profitable crops, agricultural
supplies will respond to price fluctuation of agricultural products (Powell et al., 2018, 2019).
On the other hand, non-price factors, such as rural infrastructure, access to credit, weather
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conditions and soil fertility can affect inputs, the efficiency, and yields of agricultural
production (Thiele, 2000). In relation to the price factors, previous studies often use variations
of the Nerlovian model to estimate the price elasticity of agricultural supply. According to
Thiele (2000), these models have two major disadvantages. First, they tend to bias the estimated
elasticities downward due to the restrictive assumption that ties the current output to the longrun desired supply. Second, the OLS estimator is spurious if the variables are non-stationary
(McKay et al., 1999).
Using time-series methods, such as Error Correction Models (ECMs), can avoid the
problem of spurious regression (Hallam and Zanoli, 1993; Thiele, 2000). The three types of
ECMs include Engle-Granger approach, Vector Error Correction models (VECM), and AutoRegressive Distributed Lags (ARDL). We argue that the ARDL approach can overcome the
problem of mixed stationarity and only requires a small data sample (Vo et al., 2020). Huq and
Arshad (2010) point out that agricultural supplies are susceptible to uncertainties such as
weather conditions while the area is more likely to reflect farmers' planned output. As the study
focuses on the impact of ethanol expansion on farmers’ production decision, we decide to use
planted acreage as dependent variables instead of agricultural supply. Based on the review of
previous studies, we incorporate the following variables in a general ARDL model to estimate
the acreage response of corn, in the U.S.:
n1

m

n2

(1)

𝑙𝑛𝐶𝐴𝑡 = γ1 + ∑ 𝑙𝑛𝐶𝐴𝑡−1 + ∑ 𝑙𝑛𝐶𝐸𝑡−1 + ∑ 𝑙𝑛𝐶𝑃𝑡−1 + 𝜀1𝑡
i=1

i=1

i=1

where 𝐶𝐴𝑡 is the planted acreage of corn, 𝐶𝑃𝑡 is corn price received by farmers, 𝐶𝐸𝑡 is the corn
used in ethanol production. 𝑚 is the optimal lag length for the dependent variables, while
𝑛1 𝑎𝑛𝑑 𝑛2 are the optimal lag length for the explaining variables. In equation (1), we are
concerned about the impact of ethanol expansion on the planted acreage of corn.
2.2. Bounds test
To apply the ARDL bounds test approach to co-integration, we re-parameterize
equations (1)-(2) to obtain their unrestricted ECM specification:
2
Δ𝑙𝑛𝐶𝐴𝑡 = 𝛼11 + 𝛼12 𝑙𝑛𝐶𝐴𝑡−1 + 𝛼13 𝑙𝑛𝐶𝑃𝑡−1 + 𝛼14 𝑙𝑛𝐶𝐸𝑡−1 + 𝛼15 𝑙𝑛𝐶𝐸𝑡−1
𝑛1

𝑚

𝑛2

𝑛3

2
+ ∑ 𝛽1𝑖 Δ𝑙𝑛𝐶𝐴𝑡−𝑖 + ∑ 𝛽2𝑖 Δ𝑙𝑛𝐶𝑃𝑡−𝑖 + ∑ 𝛽3𝑖 Δ𝑙𝑛𝐶𝐸𝑡−𝑖 + ∑ Δ𝑙𝑛𝐶𝐸𝑡−𝑖
𝑖=1

𝑖=1

𝑖=1

𝑖=1

+ 𝜀1𝑡

(2)

Where Δ is the difference operator, the number of lags is based on the Akaike information
criterion. Ramsey RESET test provides evidence that equation (2) would be incorrectly
specified without the squared term of corn ethanol production. Equation (2) tests the long-run
relationship between corn area, corn price and corn ethanol.
2.3. Long-run and short-run supply elasticities
After confirming the existence of the long-run relationship between the variables, we
estimate the long-run land elasticities using the following ARDL models.
𝑚

𝑛1

𝑛2

2
𝑙𝑛𝐶𝐴𝑡 = 𝜔 + ∑ 𝜃1𝑗 𝑙𝑛𝐶𝑃𝑡−𝑗 + ∑ 𝜃2𝑗 𝑙𝑛𝐶𝐸𝑡−𝑗 + ∑ 𝜃3𝑗 𝑙𝑛𝐶𝐸𝑡−𝑗
+ 𝜀𝑡
𝑗=1

𝑗=1

(3)

𝑗=1

where 𝜃 represents the long-run elasticities of these variables with respect to the planted
acreage. The optimal lag length is chosen according to the Akaike information criterion.
Equation (3) measures the long-run elasticity of corn area with respect to corn ethanol.
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We estimate the short-run elasticities by using the following restricted ECM
specifications. As the short-run movements of the variables tend to deviate from the long-run
equilibrium, this procedure measures how long it takes for the short-term disequilibrium to
adjust toward the long-run state:
Δ𝑙𝑛𝐶𝐴𝑡
𝑛1

𝑚

𝑛2

𝑛3

2
= 𝜎 + ∑ 𝜌1𝑗 Δln𝐶𝐴𝑡−𝑘 + ∑ ρ2j Δ𝑙𝑛𝐶𝑃𝑡−𝑘 + ∑ 𝜌3𝑗 Δ𝑙𝑛𝐶𝐸𝑡−𝑘 + ∑ 𝜌4𝑗 Δ𝑙𝑛𝐶𝐸𝑡−𝑘
+ π𝐸𝐶𝑇𝑡
𝑘=1

𝑘=1

𝑘=1

𝑘=1

+ 𝜀𝑡
(4)
where: 𝜌 represents the short-run elasticities of these variables. The speed of adjustment to the
long-run equilibrium is measured by coefficient 𝝅 of the Error Correction Terms (ECT).
3. Data and empirical results
3.1. Data
In this paper, the 1980-2018 period is considered. We collect data for planted acreage
and agricultural commodity prices received by farmers. The quantity of corn used in ethanol
production is collected from the Feed Grains Database, Economic Research Service, and the
United States Department of Agriculture (USDA). The nominal prices received by farmers are
deflated using the CPI to obtain the real prices. The CPI data are collected from the Federal
Reserve Bank of St. Louis.
3.2. Unit root tests
Empirical results of the unit root test based on the augmented Dickey-Fuller (ADF) and
Kwiatkowski-Phillips-Schimdt-Sin (KPSS) respectively are presented in Table 1 and Table 2
below. The ADF statistics with constant and no trend show that all the variables are stationary
at the first difference. For the ADF with constant and trend, at the first difference, ADF statistics
show that all variables are stationary at 5 per cent significance level. In addition, the results of
the KPSS test with constant and no trend show that we cannot reject the null hypothesis of
stationary for all variables at the first difference.
Table 1. ADF tests
Series
Log
(Corn area)
Log
(Corn price)
Log
(Corn ethanol)

Forms
Level
First differences
Level
First differences
Level
First differences

ADF with constant and no trend
Test statistics
Conclusion
-2.89
I(1)
-9.09
I(0)
-2.83
I(1)
-5.66
I(0)
-0.77
I(1)
-5.79
I(0)

ADF with constant and trend
Test statistics
Conclusion
-4.98
I(0)
-8.76
I(0)
-2.66
I(1)
-5.59
I(0)
-1.79
I(1)
-5.53
I(0)

The ADF and KPSS results suggest that there is a mixture of stationary I(0) and unit
root I(1) variables. There is no evidence that the variables are integrated of order 2. In this case,
we decide to use the Auto Regressive Distributed Lags approach to estimate the long run and
short-run elasticity.
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Table 2. KPSS tests
Series
Log
(Corn area)
Log
(Corn price)
Log
(Corn ethanol)

Forms
Level
First differences
Level
First differences
Level
First differences

KPSS with constant and no trend
Test statistics
Conclusion
0.50
I(1)
0.19
I(0)
0.23
I(0)
0.12
I(0)
0.38
I(0)
0.25
I(0)

KPSS with constant and trend
Test statistics
Conclusion
0.17
I(1)
0.12
I(0)
0.13
I(0)
0.06
I(0)
0.07
I(0)
0.12
I(0)

3.3. Bounds testing
Table 3 presents that corn ethanol tends to have a stronger relationship with the prices
compared to corn area because the results of the ARDL bounds test confirm the long-run
relationship between the series at 5 per cent significance level.
Table 3. A bounds testing
Dependent
variables

Regressors

Corn area

The corn price,
Corn ethanol,
Corn ethanol
squared

F-statistics
value

The lower bound
value I(0)

Upper bound
value I(1)

Result

21.94

3.23

4.35

Cointegration

3.4. Long-run and short-run equilibrium elasticities of corn acreage
Table 4 shows the results of the long-run elasticities of the corn equation. The results of
ARDL (2, 1, 1, 1) suggests that a 10 per cent increase in corn price received by farmers will
increase the planted acreage of corn by 0.6 per cent. Corn ethanol also has a positive impact on
corn area, meaning that a 10 per cent increase in corn demand for ethanol production will
increase corn area by 3.2 per cent.
Table 4. Long-run equilibrium elasticity between corn acreage, corn price and corn ethanol
Variables
Coefficient
Corn price
0.06*
Corn ethanol
0.32*
Corn ethanol squared
-0.02
C
2.87***
* and *** are significant at 10 and 1 per cent, respectively

Standard error
0.03
0.17
0.01
0.64

Probability
0.09
0.07
0.17
0.00

Table 5 reports the results of short-run elasticities. Corn ethanol has a positive and
significant effect on corn area planted. However, corn ethanol squared has a negative impact
on corn area. The effect is significant. The results suggest that even though the expansion of
corn ethanol has a positive impact on corn acreage, such effect diminishes when corn ethanol
increases.
Table 5. Short-run equilibrium elasticity between corn area, corn price and corn ethanol
Variables
Coefficient
D(Corn area)
0.19
D(Corn price)
-0.08
D(Corn ethanol)
1.67***
D(Corn ethanol squared)
-0.11**
ECT(-1)
-1.16***
Adjusted R-squared
Breusch-Godfrey Serial Correlation L.M. p-value

Standard error
0.14
0.05
0.56
0.05
0.22
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Breusch-Pagan-Godfrey p-value
Jarque-Berra p-value
Ramsey reset stat p-value
** and *** are significant at 10, and 5 per cent, respectively

0.04**
0.14
0.10

Conclusions
This paper is conducted to examine and investigate the response of agricultural planted
acreage to crop prices and corn used in ethanol production in the U.S. for the 1980-2018 period.
We use the ARDL approach with bounds test and estimate the short-run and long-run
elasticities. Findings from our analysis indicate the long-run relationships between corn used in
ethanol and crops acreage. In addition, empirical findings from the paper present that the
expansion of corn ethanol is a key reason behind the increase in corn acreage. Moreover, the
increase in demand for corn used in ethanol is more likely to influence the planted acreage. This
suggests the important role of ethanol expansion in the land-use change.
The above findings lead to some observations for implications which are discussed in turn
below. Since 2011, the Environmental Protection Agency (EPA) has been fixated on preventing
seasonal selling a blend of gasoline with a high proportion of ethanol which is generally called
E15. For years, ethanol gasoline has received a strong push back for allegedly polluting the
environment. In fact, since 2011, the Environmental Protection Agency (EPA) has banned the
selling of E15, the type of gasoline with a high level of ethanol, between June and September
annually. On top of that, the agency has consistently exempted small refineries, undermining
the renewable fuel capacity by as much as 4 billion gallons for the period 2016-2018
(Renewable Fuels Association, 2020). However, at the end of 2018, there was a turnaround in
the U.S. policy on ethanol-gasoline with the lifting of the E15 ban. Moreover, incentives for the
production and consumption of E15 were also introduced, including streamlining labels and
providing financial aid to research projects exploring higher ethanol blends. As for the
renewable fuel volume loss, the EPA has decided to reallocate it to the following compliance
years. Annual quota on corn starch-based ethanol has also been established by the U.S.
Congress. The policies are expected to increase near-future ethanol demand by 40 million
gallons.
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