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A B S T R A C T   

Biobased energy, particularly corn starch-based ethanol and other liquid renewable fuels, is a major element of federal and state energy policies in the United States. 
These policies are motivated by energy security and climate change mitigation objectives, but corn ethanol does not substantially reduce greenhouse gas emissions 
when compared to petroleum-based fuels in all production scenarios. Corn production also imposes substantial negative externalities (e.g., nitrogen leaching, higher 
food prices, water scarcity, and indirect land use change). In this paper, we utilize a partial equilibrium model of corn-soy production and trade to analyze the 
potential of reduced US demand for corn as a biobased energy feedstock to mitigate increases in nitrogen leaching, crop production and land use associated with 
growing global populations and income from 2020 to 2050. We estimate that a 24% demand reduction would sustain land use and nitrogen leaching below 2020 
levels through the year 2025, and a 41% reduction would do so through 2030. Outcomes are similar across major watersheds where corn and soy are intensively 
farmed.   

1. Introduction 

Biofuels are an important component of United States energy and 
climate change mitigation policies. Forty-one states have adopted 
Renewable Portfolio Standards mandating minimal levels of electricity 
production from renewable sources for which at least one form of 
biomass qualifies (National Conference of State Legislatures, 2021). At 
the federal level, a Renewable Fuel Standard (RFS2) was first legislated 
in the Energy Policy Act of 2005 (US Federal Register, 2005) and 
expanded in the Energy Independence and Security Act of 2007 (US 
Federal Register, 2007). These policies commonly mention energy se
curity and economic development as motivators, but a key operational 
requirement of RFS2 is that qualifying renewable fuels should have 
lower life cycle greenhouse gas (GHG) emissions than the petroleum 
fuels they substitute for in the market. Production targets are set for 
various types of liquid renewable fuels with differing emissions re
quirements. To this end, corn starch-based ethanol (henceforth, “corn 
ethanol”) and other conventional biofuels are expected to comprise well 
over half of RFS2’s final volume requirement of 20.63 billion gallons of 
ethanol-equivalents for 2022 (US Environmental Protection Agency, 
2022). 

However, a recent review concluded that the use of corn ethanol has 
limited capacity to reduce greenhouse gas emissions, with studies that 

accounted for land use change estimating it produces on average about 
75% of the life cycle GHG emissions of petrol and diesel (Jeswani et al., 
2020); not all of the studies included in this average included both direct 
and indirect land use change, however, so the average may be higher if 
both were accounted for in all the production scenarios modeled in the 
reviewed studies. Methods for producing such estimates, in particular of 
greenhouse gas emissions due to land use change, are controversial, 
however (Lark et al., 2022a, 2022b; Scully et al., 2021; Spawn-Lee et al., 
2021; Taheripour et al., 2022). Sanchez et al. (2018) concludes that the 
greenhouse gas emissions resulting from fermentation of corn ethanol 
can be substantially mitigated via subsidized carbon capture and 
sequestration, but the aforementioned controversy over land use change 
emissions makes the relative importance of these findings unclear. 
Fertilizer applied to increase corn yields exacerbates hypoxic “dead 
zones” in the ocean, chiefly the Gulf of Mexico (Diaz and Rosenberg, 
2008; Rabalais and Turner, 2019), and leads to harmful algal blooms in 
the Great Lakes (Brooks et al., 2016; Smith et al., 2015; Watson et al., 
2016). Liu et al. (2018) examine multiple interventions designed to meet 
the Hypoxia Task Force’s target of a 45 percent reduction in nitrogen 
and phosphorus fluxes to the Gulf of Mexico (US EPA, 2016), concluding 
that no single measure can effectively reach that goal. VanLoocke et al. 
(2017) find that conversion of even 40% of land devoted to corn ethanol 
feedstock in the Mississippi-Atchafalaya River Basin to miscanthus 
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would only reduce nitrogen runoff by 5–15%. 
Biobased energy feedstock production increases demand for agri

cultural land, which leads to increased deforestation globally (Busch and 
Ferretti-Gallon, 2017) and likely to substantial net carbon emissions 
associated with indirect land use change, given the conclusions of Chen 
and Khanna (2018) that expansion of US corn ethanol production from 
2007 to 2012 led to “conversion of 3.2 million acres of unused cropland, 
including 1 million acres in [the US Conservation Reserve Program], to 
crop production.” As a result of the same dynamics, corn-based biofuel 
production may also lead to an increase in global food prices (Carter 
et al., 2017; Hochman and Zilberman, 2018; Kocak et al., 2022), thereby 
worsening global malnutrition, which remains a serious issue globally 
(Black et al., 2008; Gómez et al., 2013; Perez-Escamilla et al., 2018)1. 
The water required to grow corn for biofuels also imposes negative 
environmental impacts, given serious water scarcity in some intensively 
cultivated regions of the United States (Shah et al., 2007); the water 
intensity of corn ethanol production is further expected to increase due 
to climate change (Dominguez-Faus et al., 2013). Finally, expansion of 
agricultural area and intensification of production on existing cropland 
leads to reduced biodiversity and ecosystem services, albeit in a complex 
fashion (Seppelt et al., 2016). To summarize, RFS2 calls for production 
of corn ethanol which imposes many environmental costs which weigh 
against its contributions to climate change mitigation objectives. 

All of these negative externalities are likely to be exacerbated by 
projected population and income growth, leading to greater demand for 
agricultural outputs (Riahi et al., 2017). In this paper, we examine the 
potential for reductions to conventional biofuels production associated 
with the RFS2 mandate to mitigate the short-term environmental 
stressors of agricultural demand growth imposed by population and 
income growth. Our analysis utilizes a Gridded version of the Simplified 
International Model of agricultural Prices, Land use, and the Environ
ment (SIMPLE-G) focusing on corn and soy production in the United 
States (SIMPLE-G-US-CS). SIMPLE-G is a partial equilibrium modeling 
framework for agricultural production and trade that can be used to 
evaluate agricultural policies while representing the heterogeneity of 
natural resources and productivity at high resolution (Baldos et al., 
2020). Liu et al. (2022) used the SIMPLE-G-US-CS model to examine the 
potential for various nitrogen management interventions to reduce 
leaching within the Mississippi River Basin, underscoring the need for 
high-resolution gridded analysis. 

However, we stress that repeal of RFS2 mandates would not elimi
nate demand for corn ethanol. Babcock (2013) estimated an incremental 
13.5% increase in demand for corn ethanol from RFS2, which Carter 
et al. (2017) argues actually represents an upper bound on the decrease 
that would be associated with its repeal. Moschini et al. (2017) instead 
estimates that repeal of RFS2 in 2015 would have resulted in a reduction 
of 71% in corn ethanol production (still under an assumption that a 
minimum of 3% of blended gasoline fuel is ethanol used as a gasoline 
oxygenate due to technological requirements). Currently, about 40% of 
corn grown in the US is used by corn ethanol production (“USDA ERS - 
Feedgrains Sector at a Glance,” n. d.). The Biden administration’s waiver 
in April 2022 allowing gasoline to be blended with up to 15% ethanol 
from June 1 to September 15 (when it is typically restricted in the US 
due to air quality concerns) (US EPA, 2022a), and subsequent increase in 
the corn ethanol volume required to be blended into gasoline in 2022 
(US EPA, 2022b), illustrate the deep uncertainty in the actual demand 
reduction that would result from repeal of RFS2. In this paper, we 
therefore frame the results as an analysis of the outcomes associated 
with reduced US demand for corn ethanol, rather than the direct result 
of policy repeal. 

Many of the studies cited here incorporate similar general or partial 
equilibrium models in their methodology to what we present in this 
analysis. Most commonly these examine the effects of RFS2 standards on 
prices, production or land use change, although Lark et al. (2022b) and 
its ensuing responses also covers fertilizer use and water quality out
comes. In this paper, we explore environmental outcomes from the 

opposite direction, identifying the impacts of demand reductions of 
various magnitudes amidst future changes to global population, in
comes, and productivity. 

2. Methods 

For this analysis, we employ a gridded version of the Simplified In
ternational Model of agricultural Prices, Land use, and the Environment 
(SIMPLE-G) (Baldos et al., 2020). This version, SIMPLE-G-US-CS, focuses 
on corn and soy production in the United States. The model is calibrated 
to a baseline year of 2010 and validated by hindcasting over the period 
1990–2006. However, key parameters relevant to this analysis, such as 
nitrogen application rates, nitrate leaching rates and substitution elas
ticities between nitrogen fertilizer and other inputs, are taken from more 
recent estimates used by the Agro-IBIS biogeochemical crop model (Lark 
et al., 2022b; Liu et al., 2022; Sun et al., 2020). SIMPLE-G-US-CS is a 
partial-equilibrium modeling framework for agricultural production and 
trade which can be used to evaluate agricultural policies while repre
senting the spatial heterogeneity of natural resources and productivity at 
high resolution. Grid cells in the contiguous US are spaced at a 5 
arc-minute resolution, with the rest of the world represented by 15 
non-gridded regions (denoted in Fig. 1). 

In SIMPLE-G-US-CS, baseline acreages of corn and soy production in 
each grid cell are derived from downscaling national data using the 
spatial pattern provided by the USDA Crop Data Layer (CDL) data set. 
Production, inputs and outputs of the model are aggregated over the two 
crops to a corn-soy composite, where use of the CDL data set implicitly 
means that this composite reflects current practices associated with 
corn-soy rotations and continuous cropping. Separate acreages are 
specified for irrigated and rainfed production, and different transfer 
functions are used describing the relationship between nitrogen fertil
izer application and yield for irrigated and rainfed areas. The yield 
transfer functions in Gompertz form are fitted to the pairs of nitrogen 
fertilizer application rate and the corresponding crop yield simulated by 
Agro-IBIS (Kucharik, 2003; Sacks and Kucharik, 2011). Similarly, 
leaching transfer functions in quadratic form are built into 
SIMPLE-G-US-CS to capture the nonlinear leaching response to various 
intensity of nitrogen fertilizer application (Lark et al., 2022c). More 
details about the SIMPLE-G-US-CS model can be found in supplementary 
materials and Liu et al. (2022). 

Projections of population, income and total factor productivity 
growth, by region, correspond to Shared Socioeconomic Pathway 2 
(SSP2), the IPCC’s “Middle of the Road” pathway; population and in
come growth paths are shown in Fig. 1 (Riahi et al., 2017; O’Neill et al., 
2014). Biofuels demand projections in the rest of the world are aggre
gated regionally from the International Energy Agency’s 2020 World 
Energy Outlook (International Energy Agency, 2020). RFS2 biobased 
energy mandates, as well as biofuels demand in other regions, are 
modeled as exogenous demand shocks, consistent with the imple
mentation of other parameters varied in our experimental design. We 
modeled these changes in the years 2020–2050 at five-year intervals, 
combined with reductions in US biobased energy feedstock demands 
from 0% (i.e., no change) to 50% at 1-percent intervals. Total factor 
productivity changes for livestock, crops, and processed foods are taken 
from future projections from Ludena et al. (2007), and historical esti
mates from USDA-ERS (2021) and Griffith et al. (2004), respectively. 
Ultimately, we focus on discussing short-term impacts from 2020 to 
2030, when population and other projections are less uncertain, justi
fying the use of a single SSP trajectory. 

Gridded outputs from the SIMPLE-G-US-CS model were captured for 
land use (i.e., acreage of land under corn-soy production in each grid 
cell), corn-soy production, and associated nitrogen leaching. We also 
recorded the equilibrium corn-soy prices as calculated in each region 
(these are summarized in Supplementary Table S1). 

We note that while our analysis uses a 2020 baseline for comparing 
results in the other years, model outputs for 2020 are themselves 
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projected forward from the model’s calibrated 2010 base assumptions. 
We have not made adjustments to projected input parameters in 2020, 
or other years, related to the COVID-19 pandemic. While this represents 
a limitation to some extent, we find it justified given that global agri
cultural trade “fell 2 percent in 2020Q2 during the initial wave of 
COVID-19 infections and lockdowns,” but “rebounded significantly 
during 2020Q3 and 2020Q4 and ended the year up” (Arita et al., 2022). 
The pandemic’s overall impact on agricultural trade, while varied across 
the world, has been substantially smaller than that of other events such 
as the Great Recession of 2007–2009 and the trade dispute between the 
United States and China in 2018 that led to multiple rounds of tariffs 
(Arita et al., 2022). Haqiqi and Bahalou Horeh (2021) estimate the 
reduction in total US farm outputs attributable to COVID-19 in 2020 to 
be 2.6%. 

3. Results and discussion 

Aggregate US outcomes for land use, corn-soy production, and ni
trogen leaching are presented in two different forms to highlight the role 
of corn ethanol demand reductions in future outcomes. Fig. 2 presents 
the projections for growth in land use, production and leaching, relative 
to the 2020 benchmark. Fig. 3 isolates the effect of the demand re
ductions by comparing future outcomes to a business-as-usual case, with 
0% representing the status quo (i.e., no change to RFS2) and additional 
traces showing the deviations owing to RFS2 policy actions. For visual 
clarity, traces are only shown for demand reductions from 5 to 50 
percent, at 5 percent intervals. We see total production and leaching 
outcomes that have similar sensitivity to biofuels demand reductions, 
with elasticities of approximately 0.4 and 0.5, respectively (i.e., a 10% 
reduction in the demand reduces production by 4% and leaching by 
about 5%). Land use is considerably less sensitive, with an elasticity of 

approximately 0.2. 
The capacity for RFS2 changes (or other policy mechanisms 

impacting ethanol demand) to mitigate the short-term impacts of pop
ulation and income growth depends not only on the elasticity but on the 
current trends in environmental outcomes. In order to keep nitrogen 
leaching and land use below their 2020 levels by the year 2025, repeal 
would need to result in a demand reduction of at least 24%; under these 
demand reductions, overall corn-soy production in 2025 would still 
increase by 4.2%. To maintain nitrogen leaching and land use below 
their 2020 levels until the year 2030 would require a demand reduction 
of at least 41%; in this scenario, corn-soy production in 2025 would be 
4.4% less than 2020 levels but 9% higher than 2020 levels in 2030. 

When compared to outcomes in a status quo future, production, 
leaching, and land use all decline in response to a reduction in biofuels 
demand, with the proportional difference generally increasing over 
time. The difference grows more quickly in the first decade than from 
2030 to 2050, although the distinction is slight; change in the difference 
over time is approximately linear. 

The geospatial pattern of differences in outcomes is consistent across 
metrics and years, with selected results shown in Figs. 4 and 5. These 
figures depict nitrogen leaching outcomes in 2030, 2040, and 2050 
associated with demand reductions of 24% and 41%, the reductions 
associated with maintaining leaching and land use outcomes below 
2020 levels until 2025 and 2030, respectively. One interesting finding is 
that the areas with the greatest reduction in leaching when compared to 
the status quo, such as southwest Kansas and near the Appalachian 
Mountains, are the same areas with the largest leaching increases when 
expressed as a percentage of 2020 levels. These are marginal areas 
which have proven sensitive to demand fluctuations in the past (Lark 
et al., 2015). 

Despite the limited spatial heterogeneity of outcomes in intensively 

Fig. 1. Population over time (left) and per capita income (right), 2020–2050, SSP2, aggregated by SIMPLE-G-US-CS region (source data: Riahi et al. (2017)).  

Fig. 2. Aggregated United States outcomes for corn-soy land use, production and leaching in the continental US, 2020–2050, relative to 2020 levels.  
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farmed regions, it is nonetheless of interest to summarize the results by 
major basin, particularly nitrogen leaching which contributes to sig
nificant leachate exports to key water bodies (Ator et al., 2020; Ator and 
Denver, 2015; Mooney et al., 2020; Sun et al., 2020). Table 1 and Table 2 
present the land use, corn-soy crop production, and nitrogen leaching 
over time, expressed both relative to the status quo and as a percentage of 
2020 levels, respectively, in the Mississippi River Basin, Great Lakes 
Basin, and Chesapeake Bay. From these results, it is clear to see, for 
example, that even a large 41% reduction in US demand for biobased 
energy feedstocks will not by itself meet the Hypoxia Task Force’s target 
45% reduction in nitrogen fluxes to the Gulf of Mexico from the Mis
sissippi River. Demand reductions have the greatest impact in the 

Chesapeake Bay region, followed by the Mississippi River and Great 
Lakes, although the differences across basins are not substantial. 

4. Conclusions and limitations 

Fig. 2 illustrates the large increases from 2020 to 2050 in US corn-soy 
production, associated land use and nitrogen leaching projected under 
population and income changes corresponding to the SSP2 scenario. 
This poses a substantial challenge to the prospects of meeting environ
mental goals, such as reducing nitrogen fluxes to the Gulf of Mexico to 
manage the hypoxic zone. We have discussed estimates of corn-soy de
mand reduction that may be needed to meet certain policy goals, 

Fig. 3. Aggregated United States outcomes, 2020–2050, relative to status quo..  

Fig. 4. Change in nitrogen leaching from corn-soy production with selected demand shocks, 2030 to 2050, relative to status quo..  
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Fig. 5. Nitrogen leaching with selected demand shocks, 2030 to 2050, as a percentage of 2020 levels.  

Table 1 
Changes in outcomes in selected basins resulting from 24% to 41% demand reductions, relative to status quo.    

Biobased Energy Feedstock Demand Shock/Year 

−24% −41% 

2030 2040 2050 2030 2040 2050 

Mississippi River Land Use −7.5% −8.9% −10.3% −12.8% −15.3% −17.9% 
Crop Production −12.9% −15.2% −17.5% −21.5% −25.5% −29.4% 
Nitrogen Leaching −16.6% −19.6% −22.6% −27.2% −32.2% −37.0% 

Great Lakes Land Use −7.0% −8.4% −9.8% −11.9% −14.4% −16.9% 
Crop Production −12.6% −15.0% −17.3% −21.0% −25.0% −29.0% 
Nitrogen Leaching −15.8% −18.9% −21.9% −26.0% −30.9% −35.9% 

Chesapeake Bay Land Use −8.1% −9.7% −11.4% −13.7% −16.6% −19.5% 
Crop Production −14.0% −16.6% −19.3% −23.2% −27.6% −31.9% 
Nitrogen Leaching −16.7% −20.1% −23.5% −27.4% −32.7% −38.1%  

Table 2 
Changes in outcomes in selected basins resulting from 24% to 41% demand reductions, as a percentage of 2020 levels.    

Biobased Energy Feedstock Demand Shock/Year 

−24% −41% 

2030 2040 2050 2030 2040 2050 

Mississippi River Land Use 106.0% 114.7% 125.8% 99.9% 106.7% 115.2% 
Crop Production 121.0% 151.7% 194.9% 109.0% 133.4% 166.8% 
Nitrogen Leaching 114.5% 137.5% 170.7% 99.9% 116.1% 139.0% 

Great Lakes Land Use 105.6% 113.6% 123.9% 99.9% 106.1% 114.1% 
Crop Production 120.6% 150.8% 193.1% 109.0% 133.0% 165.8% 
Nitrogen Leaching 113.6% 135.2% 166.3% 99.9% 115.1% 136.6% 

Chesapeake Bay Land Use 106.4% 115.9% 128.2% 99.9% 107.1% 116.5% 
Crop Production 122.0% 155.0% 202.4% 109.0% 134.7% 170.6% 
Nitrogen Leaching 114.5% 137.7% 172.0% 99.9% 116.1% 139.3%  
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showing that these fall beyond the realm of likely responses to RFS2 
repeal: with an estimated nitrogen leaching elasticity of demand of 
approximately 0.5, even a 50% reduction in corn ethanol demand would 
reduce leaching by only approximately 25% relative to 2020 levels 
(Fig. 3). Leaching reductions are not wholly realized as reductions in 
nitrogen fluxes to the Gulf of Mexico, due to processes like aquatic 
nutrient decay in streams and reservoirs, and atmospheric deposition 
and other processes also contribute to deliveries (Alexander et al., 
2008). 

However, demand reductions for US biobased energy feedstocks 
have potential to mitigate the short-term impacts of population and 
income growth over the next decade if, as some studies have estimated, 
repeal would reduce demand by 20% or more. Overall corn-soy pro
duction would still rise over time in such a scenario thanks to the US 
Heartland’s general productivity advantage compared to the rest of the 
world. This could make repeal of RFS2 a meaningful contributor to 
environmental goals when combined with other changes to manage
ment practices and policy interventions (e.g., carbon pricing, restoring 
depressional wetlands). 

Our analysis relies on an aggregated model of corn and soybean 
production as a composite commodity, meaning that results are limited 
by the assumption that practices for corn-soy rotations and continuous 
cropping remain similar in the future. Given the different yields and life 
cycle greenhouse gas emissions associated with corn and soybeans, 
other policy changes could differentially impact demand for corn starch- 
based ethanol, soy-based biodiesel, and their various co-products 
(Schnitkey et al., 2021; Xu et al., 2022). Future analysis could explore 
this limitation and alternative policy outcomes by modeling each crop 
separately. More generally, the SIMPLE-G-US-CS partial-equilibrium 
model is best suited for projecting changes in scenarios where anything 
not explicitly introduced as an exogenous shock (in this case, popula
tion, income and total factor productivity) is assumed unchanged; in 
other words, our analysis does not assume or anticipate any other policy 
changes that would impact corn-soy demand, costs, or production 
practices, nor global/regional shocks such as pandemics. While our 
gridded partial-equilibrium framework allows us to account for spatial 
heterogeneities in various system parameters, it also poses a challenge 
for rigorous sensitivity and uncertainty analysis given the large number 
of parameters. 

Given its “highly accurate annual measures of crops and cropland 
areas” (Lark et al., 2021), the choice of the USDA Crop Data Layer is 
appropriate for approximating spatial patterns of production to apply 
estimates of spatially-varying parameters (e.g., yield, fertilizer applica
tion rates) when combined with other data sets. We note, however, that 
our analysis is limited to outcomes associated with corn and soybean 
farming under policy interventions that largely take land out of pro
duction for that purpose. Wang et al. (2022) questions the reliability of 
CDL for studies of land use change, and the SIMPLE-G-US-CS model also 
does not predict what land taken out of corn-soy production is then used 
for. As such, a different approach and input data set may be more 
appropriate if one wishes to make a full accounting of greenhouse gas 
emissions impacts or other changes associated with land use change. 

These limitations notwithstanding, this paper offers a novel analysis 
of the connections between demand for corn ethanol; future changes to 
population, income, and productivity; and nitrate leaching outcomes, 
placed in the context of existing renewable fuel standards and goals for 
nutrient management in the Mississippi River Basin. 
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