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Energy Issues Affecting Corn/Soybean Systems:
Challenges for Sustainable Production

The corn/soybean production system models the complexities involved in the generation, supply, distribution, and use of
energy. (Photo images from Shutterstock.)

ABSTRACT

Quantifying energy issues associ-
ated with agricultural systems, even
for a two-crop corn (Zea mays L.) and
soybean (Glycine max [L.] Merr.) rota-
tion, is not a simple task. It becomes
even more complicated if the goal is
to include all aspects of sustainability
(i.e., economic, environmental, and
social). This Issue Paper examines
energy issues associated with and af-
fecting corn/soybean rotations by first
defining the size of the system from
both a U.S. and global perspective and
then establishing boundaries based
on the Farm Bill definition of sustain-
ability. This structured approach is es-
sential to help quantify energy issues
within corn/soybean systems that are
themselves best described as “systems

of systems” or even “systems within
ecosystems” because of their complex
linkages to global food, feed, and fuel
production.

Two key economic challenges at
the field and farm scale for decreas-
ing energy use are (1) overcoming
adoption barriers that currently limit
implementation of energy-conserving
production practices and (2) demon-
strating the viability of sustainable
bioenergy feedstock production as
part of a landscape management plan
focused not only on corn/soybean
production but on all aspects of soil,
water, and air resource management.
It is also important to look beyond di-
rect energy consumption to address the
complex economics affecting energy
issues associated with corn/soybean
systems. To help address the complex

energy issue, life cycle assessment is
used as a tool to evaluate the impact
of what many characterize as a simple
production system. This approach
demonstrates the importance of hav-
ing accurate greenhouse gas and soil
organic carbon information for these
analyses to be meaningful.
Traditional and emerging mar-
ket and policy forces affecting energy
issues within corn/soybean systems
are examined to project the effects of
increasing bioenergy demand associ-
ated with the Energy Independence
and Security Act of 2007. Uncertainty
with regard to biofuel policy is a ma-
jor factor affecting energy issues in
all aspects of agriculture. This uncer-
tainty affects investments in biofuel
production and energy demand, which
together influence commodity prices,

This material is based upon work supported by the U.S. Department of Agriculture’s (USDA) National Institute for Food and Agriculture (NIFA) Grants No. 2010-
38902-20899, No. 2009-38902-20041, and No. 2008-38902-19327. Any opinions, findings, conclusions, or recommendations expressed in this publication are those
of the author(s) and do not necessarily reflect the views of USDA-NIFA.
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price volatility for food and feed, and
agricultural energy decisions.

The authors conclude by offering an
approach, including decreased or more
efficient energy use, that can enhance
all aspects of sustainability. Their strat-
egy, defined as a “landscape vision,”
is suggested as an agricultural system
approach that could meet increasing
global demand for food, feed, fiber, and
fuel in a truly sustainable manner.

INTRODUCTION

Industrial growth and development,
electrification, rapid advances in trans-
portation options, and cheap, abundant
energy resources during the twentieth
century allowed many in the United
States to become very complacent re-
garding both the amount and sources
of energy being used. All sectors of the
global economy, including agriculture,
are now being affected by that grow-
ing demand for energy because of the
critical role energy plays in maintaining
national security, economic prosperity,
and environmental quality (NAS 2009).
Understanding the complexity of en-
ergy issues affecting agriculture and
all other industries is becoming more
important as world demand for food,
feed, fiber, and fuel increases and the
reliability of traditional energy sources
(especially oil) becomes more uncertain
because of political instability and fi-
nite supplies. Increasing recognition of
global climate variability (e.g., ICCAC
2011) and the fact that U.S. dependence
on foreign oil has increased from 40%
in 1990 to 56% in 2009 are just two
of the driving forces encouraging ev-
eryone to examine their energy future
(CAST 2010; NAS 2010).

Adam J. Liska, Department of
Biological Systems Engineering,
University of Nebraska—Lincoln

Seth Meyer, Food and Agricultural
Policy Research Institute—-Missouri,
Columbia

Reviewers

Harold Reetz (retired), Reetz Ag-
ronomics, LLC, Monticello, Illinois

Quantifying energy issues within
any system is difficult, but attempting
to do so within the constraints of sus-
tainability (i.e., economically viable,
environmentally benign, and socially
acceptable) is crucial if humankind is to
begin addressing the scientific, tech-
nical, economic, social, and political
elements that must be transformed to
change how energy is generated, sup-
plied, distributed, and used (NAS 2010).
This Issue Paper addresses energy is-
sues within the corn/soybean production
system as a model for understanding the
complexities that must be addressed.
The goal is to identify research, devel-
opment, and policy needs, questions,
benefits, and opportunities for both in-
creasing energy efficiency and produc-
ing bioenergy in landscapes dominated
by corn/soybean production systems.
Therefore, this paper will explore en-
ergy issues associated with tillage,
crop rotation, cover crops, and linkages
among food, feed, fiber, and fuel pro-
duction for this cropping system.

U.S. and Global Corn/
Soybean Production—1950
to 2010

As reported by Johnson, Allmaras,
and Reicosky (2006), corn and soy-
bean yields were low and constant until
after the 1930s. Then, starting with the
development of hybrid corn; increased
use of commercial nitrogen (N), phos-
phorus, and potassium fertilizers; and
development of many mechanical
(planters, pickers, combines), chemi-
cal (pesticides, insecticides), and most
recently genetic engineering technolo-
gies, yields rose steadily through public
and private research and development

2 COUNCIL FOR AGRICULTURAL SCIENCE AND TECHNOLOGY

Timothy M. Smith, Bioproduct
and Biosystems Engineering, Uni-
versity of Minnesota—Twin Cities
Campus, St. Paul

Anthony F. Turhollow, Jr., Envi-
ronmental Sciences Division, Oak
Ridge National Laboratory, Oak
Ridge, Tennessee

efforts. Corn production (USDA-
NASS 2011) rose from approximately
50 million megagrams (Mg; 2.0 billion
bushels) during the 1930s to 1.55 bil-
lion Mg (12.6 billion bushels) during
the past five years (2007-2011) with

no change in harvest area (33.2 million
hectares [ha] or 81.99 million acres).
The increased production was primarily
because of improved tolerance to high
plant populations and abiotic stress
(Duvick 1992). Furthermore, the esti-
mated genetic corn yield potential of 25
Mg/ha (400 bushels/acre) (Evans and
Fischer 1999; Tollenaar 1983; Tollenaar
and Lee 2002) still has not been
achieved across a large area of land, so
additional increases in yield per unit
area and total corn production are antic-
ipated as transgenic crops continue to
improve herbicide tolerance and insect
resistance (Duvick 2005).

There also was a major land use
change (Karlen 2004) as the area de-
voted to soybean production increased
500% from 6.1 to 31.9 million ha (15
to 79 million acres) between 1950 and
2010 (CAST 2009; USDA-NASS
2011). As a result of these changes,
the corn/soybean rotation became the
dominant land use in the midwestern
United States during the latter half of
the twentieth century (Karlen, Dinnes,
and Singer 2010). The development
of highly efficient animal produc-
tion systems, new products, and an
increased global market demand for
corn, soybean, and animal products all
accompanied this increase in corn/soy-
bean supplies. These cropping system
changes helped ensure a consistent,
uniform commodity supply for agricul-
tural industries; however, with regard to
soil and water conservation they raised



many concerns (Karlen, Dinnes, and
Singer 2010), and with regard to energy
consumption they transferred the de-
mand from biomass-supported human
and animal power to power sources
largely dependent on fossil fuels.

Based on 2003 data from the Food
and Agriculture Organization (FAO
2010), U.S. corn (maize) accounted for
40% of the global production. For soy-
bean, a major shift occurred between
1961 when the United States accounted
for 69% (18.5 million Mg) of global
production and 2005 when the United
States provided only 40% of the 206
million Mg (Centrec Consulting Group
2007). Brazil (25%) and Argentina
(19%) are now major world soybean
producers. These global perspectives
are included to show why it is very dif-
ficult to quantify energy issues in what,
to many, might seem to be a simple
corn/soybean rotation but in reality is
part of a very complex global agricul-
tural production system, especially in
the context of sustainability.

The Definition and Goals of
Sustainable Agriculture

For this Issue Paper, the term “sus-
tainable agriculture” (SA) is defined
according to U.S. Code Title 7, Section
3103, which states that SA is an in-
tegrated system of plant and animal
production practices having a site-spe-
cific application that will, over the long
term,

e satisfy human food and fiber needs;

¢ enhance environmental quality
and the natural resource base upon
which the agriculture economy
depends;

¢ make the most efficient use of non-
renewable and on-farm resources
and integrate, where appropriate,
natural biological cycles and con-
trols;

* sustain the economic viability of
farm operations; and

 enhance the quality of life for farm-
ers and society as a whole.

This definition (USDA-NIFA 2009)

is a central element of the legislation
for the U.S. Department of Agriculture
(USDA) Sustainable Agriculture
Research and Education (SARE) pro-
gram of the National Institute for Food

and Agriculture. It also is the basis

for the North Central Regional SARE
Administrative Council’s position on
energy, which stresses the use of the
following (SARE n.d.) for developing
sustainable biofuel production systems:

* energy conservation and efficiency
* energy-efficient production practices

* non-biomass renewable energy
sources

e alternative biomass feedstock pro-
duction systems

* environmental impact of bioenergy
production

e community and rural development
impacts of bioenergy production

* local and regional economic impact
of biofuel production

* whole farm integrated energy systems

Achieving all these goals is a major
reason that quantifying energy issues
for any agricultural system is such an
arduous task.

What Energy Issues Affect
Corn/Soybean Systems?

One of the greatest challenges as-
sociated with defining critical energy
issues for corn/soybean systems is
determining how and where to set the
system boundaries. This occurs be-
cause corn/soybean production systems
literally consist of a “system of ecosys-
tems” that includes a well-coordinated
mechanical production chain that in
itself can be characterized as a “system
of systems” (SOS). The International
Council on Systems Engineering has
defined SOS as “a system of interest
whose system elements are themselves
systems; typically these entail large-
scale interdisciplinary problems with
multiple, heterogeneous, distributed
systems” (Duffy et al. 2009).

Starting with the corn/soybean pro-
duction system itself, there are multiple
subsystems, including tillage, seedbed
preparation, fertilization, and weed
control. Each subsystem (e.g., fertiliza-
tion) encompasses other systems such
as mining, manufacturing, transporta-
tion, and marketing that will all have
costs associated with fossil energy.

For example, Shapouri and colleagues
(2010) estimated the energy cost of N
fertilizer alone to be 57 MJ kg'! N (57

megajoule per kilogram N) (see also
Snyder, Bruulsema, and Jensen 2007,
West and Marland 2002). This type of
information may help quantify some
energy issues associated with corn/soy-
bean systems. Shapouri, Duffield, and
Graboski (1995), however, cited esti-
mates of the energy cost of N fertilizer
varying from 52 to 87 MJ kg'! N, de-
pending on the calculation procedures.
Important considerations include the
time period for which energy informa-
tion was collected, because industry en-
ergy efficiency has changed over time;
the differences in formulation of N fer-
tilizer assumed; and whether or not cal-
culations used the same heating values
for various energy sources (Shapouri,
Duffield, and Graboski 1995; Snyder,
Bruulsema, and Jensen 2007).

The increased supply of corn/soy-
bean has many different uses, includ-
ing the production of biofuels. With
regard to energy, biofuel production has
been promoted for its potential mitiga-
tion of greenhouse gases (GHGs). The
rationale is that corn/soybean-derived
biofuels are helping to at least stabilize
atmospheric carbon dioxide (CO,) con-
centrations by first absorbing CO, dur-
ing photosynthesis and then returning
the same molecules to the atmosphere
during combustion.

This argument is not always ac-
cepted because as part of a complex
SOS, every change in crop production
or management influences both en-
ergy consumption and CO, emissions
(Nelson et al. 2009). For example, to
decrease energy use and soil erosion
while simultaneously decreasing CO,
concentrations by increasing C (car-
bon) sequestration, greater adoption
of no-tillage practices for corn/soy-
bean rotations has been encouraged. As
pointed out by Baker and colleagues
(2007), however, adopting no-tillage
alone may not be sufficient to increase
soil C retention, and without an in-
crease in sequestration there would be
no mitigation of CO, concentrations.
Quantifying energy issues is thus de-
pendent on understanding the intercon-
nected effects of crop sequence, till-
age, nutrient management, water use,
infiltration rate, management decisions,
and many other factors that affect all
ecosystem services (Blanco-Canqui and
Lal 2007; Karlen et al. 2009).

The example just given illustrates
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that to quantify energy issues for what
may seem to be a simple corn/soybean
rotation is really a very complex pro-
cess that requires a systematic approach
to (1) define the problem, (2) identify
all factors potentially affected by any
solution, (3) develop concepts for solv-
ing the problem, and (4) quantify trade-
offs associated with each potential solu-
tion (Karlen et al. 1994). One method
being used to help address this com-
plexity, especially for bioenergy pro-
grams, is life cycle assessment (LCA).
This seems to be a good approach, but
it is not an end in itself because of the
uncertainty associated with complex
systems and the difficulty in establish-
ing the specific boundaries for analysis.

Food, Feed, Fuel, and Envi-
ronmental Interactions

Currently the U.S. transportation
sector consumes approximately 14
million barrels of oil per day, 9 mil-
lion of which are used in light-duty
vehicles (NAS 2009). Recognizing
that consumption likely will increase,
the Energy Independence and Security
Act (EISA) of 2007 mandated that a
portion of domestic fuel consumption
be met with biofuel, which is current-
ly supplied primarily by ethanol from
corn grain or biodiesel from soybean.
Diversion of corn, soybean oil, and/or
other food crops (e.g., wheat [Triticum
aestivum L.] or peanut [Arachis spp.])
has stimulated debate regarding com-
petition between food, feed, and fuel
(Naylor et al. 2007; Nonhebel 2005;
Trostle 2008) and with respect to po-
tential social, economic, and environ-
mental effects.

In contrast, development of a grain-
based ethanol industry has been praised
for its impact on crop prices and the
beneficial effects it has for rural econo-
mies (Parcell and Westhoff 2006).
From the perspective of farmers and
small rural communities, development
of ethanol plants created greater local
demand for commodity crops and high-
er prices for corn/soybean and other
crops. Local investment and control of
ethanol and biodiesel plants has rein-
vigorated many small midwestern com-
munities by providing well-paying em-
ployment opportunities, but some argue
that the number of jobs added to the
local economy is overestimated (Low

and Isserman 2009), especially because
many biodiesel plants are operating
well below their constructed capacity.
Passage of the Renewable Fuels
Standard (RFS; currently updated to
RFS2) as part of the EISA of 2007 trig-
gered many studies, including one by
Gallagher (2010) to determine how the
56.8 billion liter (15 billion gallon) per
year contribution from corn starch-
based ethanol to the 136.3 billion liter
(36 billion gallon) RFS mandate would
affect the U.S. corn market. The analy-
sis made projections in world corn and
soybean markets, including effects of
technology that will result in yield in-
creases and use of the by-product dry
distillers grain (DDG) as a replacement
for corn feed demand. Based on those
assumptions, increased corn (maize)
production on foreign lands was pro-
jected to account for only a small
fraction (6%) of the increased grain
demand associated with meeting the
RFS mandate. As with energy issues,

however, the “indirect land use change”

issue connected to global changes in
crop production is also very complex.
Increased soybean production asso-
ciated with the corn/soybean system

is often a major factor in many LCA
projections related to the RFS2 legis-
lation, but although this topic is very
important, it is beyond the scope of this
Issue Paper and should be addressed by
future independent studies.

Economics oF CornN/
SoOYBEAN SYSTEMS

Key Challenges at Each
Scale

At the field and farm scale, two
key challenges affecting energy use
within corn/soybean systems are (1)
overcoming barriers to adoption of
energy-conserving production prac-
tices and (2) improving the viability of
bioenergy production. The degree to
which energy issues are captured in the
market influences decisions at the farm
scale. Energy costs represented more
than 44% of total operating costs for
U.S. corn production and 22% for soy-
bean production in 2004 (Shoemaker,
McGranahan, and McBride 2006).
Prices for energy-intensive inputs (e.g.,
fertilizer, herbicides, fuel) directly
influence profitability, providing an
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incentive for producers to adjust their
use of these inputs in response to chang-
ing energy prices. Fortunately, farmers
have historically shown an exceptional
ability to make technical and manage-
rial changes that improved crop pro-
ductivity when faced with increasing
energy prices (Cleveland 1995).

Decreasing Tillage

Fuel inputs can be lowered by de-
creasing tillage (Figure 1). The rela-
tive profitability of less intensive tillage
systems, such as strip-tillage and no-till
compared to conventional tillage, is
site specific and varies depending on
soil, climate, and drainage conditions
(Al-Kaisi and Yin 2004; Archer and
Reicosky 2009; Chase and Duffy 1991;
Vetsch, Randall, and Lamb 2007; Yin
and Al-Kaisi 2004; Yiridoe et al. 2000).
Although the decision to decrease till-
age is strongly influenced by econom-
ic returns, the presence of adjustment
costs and risk means that producers
will not be willing or may not have
the capital to invest in new tillage and
planting equipment without some guar-
antee for a premium in profits above
what would be earned by their existing
tillage system (Kurkalova, Kling, and
Zhao 2006). There are several ways this
perceived need for premiums could be
overcome, including

1. ensuring large enough energy price
changes that adopting less inten-
sive tillage systems is sufficiently
more profitable than current tillage
systems,

2. lowering producer risk through stabi-
lization policies such as insurance,

3. providing better information about
the economic impacts of decreas-
ing tillage, and

4. lowering the adjustment costs of
adoption (e.g., through technol-
ogy improvements or subsidizing
conservation tillage during the
transition from current manage-
ment practices).

Note also that social and environ-
mental impacts of agricultural practic-
es may have public costs and benefits
that are not reflected in the market.
Recognizing that these impacts are
important in terms of social welfare
and long-term sustainability, policies
and incentives may be implemented to
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Figure 1. Fuel use as related to tillage intensity (data from Archer and Reicosky 2009).

address these impacts. Discussion in this
section, however, focuses on the private
market impacts on farm decisions.

Optimizing Nitrogen Use Efficiency

Nitrogen fertilizer represents a sig-
nificant energy and cost input for corn
production. Decreasing N fertilizer use
per unit of production could greatly
lower energy requirements for agricul-
ture. Several methods for decreasing N
fertilizer use per unit output have been
identified, including the use of crop
rotations, cover crops, and/or manure;
banded and decreased fall applications
of fertilizer; and increased use of soil
testing, site-specific applications, and
N stabilizers or inhibitors (Dinnes et
al. 2002). These management prac-
tices, however, all may incur a cost at
the farm level. Increases in N fertil-
izer prices provide a market incentive
for producers to decrease N fertilizer
use. Two critical questions with regard
to the effects that the various methods
for decreasing fertilizer rates will have
on energy issues associated with the
corn/soybean production system are (1)
Will the savings in N fertilizer expense
offset the costs associated with imple-
menting those practices? and (2) Will
the decreases in N rate also lower crop
productivity? An alternative strategy
for improving N use efficiency would
be to increase yield per unit input.

It often has been suggested that pro-
ducers apply more N fertilizer than is
agronomically needed (Sherift 2005).

The observed applications, however,
may be economically rational when con-
siderations of substitutability of other
farm inputs, opportunity costs, and un-
certainty about soil and weather condi-
tions are included (Sheriff 2005). This
points to the potential for improving N
use efficiency by decreasing uncertainty
about soil and weather conditions, as
well as lowering costs of obtaining in-
formation regarding soil nutrient status.

It is also important to consider in-
teractions among input use decisions
at the field level. Although decreasing
tillage lowers fuel use, increasing fuel
prices will improve the economic vi-
ability of less intensive tillage systems.
Because of the energy used in the man-
ufacture of N fertilizers and herbicides,
however, prices for these inputs are
correlated with fuel prices (Liska and
Perrin 2011). Both field research and
producer survey data indicate potential
significant interactions between till-
age systems and herbicide or N fertil-
izer use (Archer, Halvorson, and Reule
2008; Day et al. 1999; Fuglie 1999;
Martin et al. 1991, Stecker et al. 1995).
These interactions may help enhance
energy decreases under increasing
energy prices when decreased tillage
leads to lower herbicide or N fertilizer
use, or these interactions may lower
the benefits of decreased tillage if this
leads to higher levels of herbicide or N
fertilizer use.

Shifts in corn production practice
from 2001 to 2005, a period of rising
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energy costs, indicated statistically im-
portant increases in conservation tillage
and no-till, with producers also indicat-
ing that they had decreased N fertilizer
rates (Daberkow, Lambert, and Musser
2007). It could not be determined,
however, if these shifts were specifi-
cally caused by increasing energy costs.
These examples highlight some of the
economic complexity associated with
corn/soybean systems and the energy
issues related to them, as well as the
need to look beyond direct energy im-
pacts. These examples also provide a
challenge to identify economically vi-
able management practices that can si-
multaneously decrease producer depen-
dence on tillage, excessive herbicide, or
N-fertilizer inputs, while significantly
increasing corn and soybean yield.

Market Linkages

The rapid increase in the use of
corn grain for ethanol production has
resulted in close linkages between en-
ergy and corn markets, an association
that is expected to continue as long as
demand for ethanol is not constrained,
such as by the limit on blending ethanol
with gasoline (Tyner 2010; Tyner and
Taheripour 2008). This linkage also ex-
tends to markets for other crops, includ-
ing soybean, due in part to competition
for land among crops and to competi-
tion between crops as inputs for feed
and manufacturing (Muhammad and
Kebede 2009), as well as through effects
of oil prices on currency exchange rates
(Harri, Nalley, and Hudson, 2009).

With increasing energy prices,
the value of corn for ethanol produc-
tion also increases. The prices of many
production inputs, however, tend to
increase as well. When the values of
production and inputs both increase,
there may be little economic benefit to
changing input levels (e.g., N fertilizer)
inasmuch as economic optimum is of-
ten determined as a function of the ratio
of output to input prices (Bullock and
Bullock 1994; Pannell 1990). There
may be incentives, however, for gather-
ing more information (e.g., soil testing
and plant analysis) because these tools
can be used to help avoid under- or
over-application of N fertilizer.

When crop and fertilizer prices are
high, applying an incorrect amount
of fertilizer has a greater impact on
profitability, so the benefit of avoiding



incorrect applications increases. So
long as the benefits from obtaining this
information exceed the costs of obtain-
ing it, adoption would improve farm
profitability (Fuglie and Bosch 1995).
Research has shown that soil testing
may be complementary with crop rota-
tion, presumably by decreasing uncer-
tainty about the effect of soybean on

N levels for the subsequent corn crop
(Wu and Babcock 1998). Adoption of
both soil testing and crop rotation could
have economic, nutrient use, and ener-
gy use benefits that once again illustrate
the need to consider broader crop pro-
duction impacts and interactions when
seeking to optimize energy use efficien-
cies within corn/soybean or other crop-
ping systems.

As attention shifts to cellulosic
sources for bioenergy production, the
economic viability of cellulosic etha-
nol production depends on the total
cost of ethanol being competitive with
other liquid transportation fuels. Crop
residues have been identified as a po-
tential low-cost source of bioenergy
feedstocks. Removal of crop residues,
however, could lead to declines in soil
fertility and productivity, a decrease
in soil C, and an increase in soil ero-
sion (Blanco-Canqui and Lal 2009).
Alternatively, potential benefits could
include a decrease in nitrous oxide
(N,0O) emissions from the soil and de-
creased N losses due to leaching (Kim
and Dale 2005). Replacement of nutri-
ents removed through crop residue har-
vest and lost through heightened ero-
sion increases the costs producers must
recover in selling bioenergy feedstocks
and increases the energy inputs needed
to produce those feedstocks. Improving
the economic viability of cellulosic
ethanol will require lowering costs and
improving efficiencies at all levels of
the supply chain, from feedstock pro-
duction to conversion and distribution.
This includes finding ways to lower nu-
trient replacement needs and using co-
products in the best manner to improve
system efficiency (e.g., for process en-
ergy, feed, or value-added products).

Farm-level Scale

Expanding from the field to farm
level, additional considerations be-
come important. There has been a gen-
eral trend in the United States toward
larger, more specialized farms (Dimitri,

Effland, and Conklin 2005). Although
scale economies have led to larger
farm sizes, there seem to be potential
economic benefits to diversification
(Chavas 2008; Morrison et al. 2004).
Diversification could help increase
energy efficiency of corn/soybean sys-
tems by taking advantage of production
synergies (e.g., rotations to use nutri-
ents better and to disrupt pest cycles;
integration of crops and livestock [even
though the owner/operators may be
different] to use feed and manure bet-
ter). Diversification, however, can make
management more complex (Chavas
2008), and there is evidence that pro-
ducers tend to adopt technologies that
decrease managerial intensity, particu-
larly if labor is limited or the farm relies
heavily on off-farm income (Fernandez-
Cornejo et al. 2007). The challenge is to
develop farm diversification or other en-
ergy-saving technologies that producers
are willing to adopt. This also requires
developing an understanding of the so-
cial impacts (e.g., health insurance) at
the farm household level.

Regional Scale

When expanding beyond the farm
level to regional and larger scales, a
key challenge is meeting the multiple
demands for food, feed, fuel, and eco-
system services. At the broader scale,
changes in energy prices or policies
can lead to shifts that affect both crop
and input prices. Analysis of impacts of
corn ethanol expansion has illustrated
the importance of understanding the
supply and demand responses, includ-
ing effects of technological change
(Gallagher 2010). The result may be
not only changes in management but
changes in land use. Effects on ener-
gy issues will depend on where these
changes occur. Locations of land use
change and interactions with manage-
ment also have a critical impact on
provision of ecosystem services, such
as differences in GHG emissions (Kim,
Kim, and Dale 2009) or services related
to biodiversity and wildlife habitat
(Gottfried, Wear, and Lee 1996).

An attraction of using crop resi-
dues as bioenergy feedstock is that this
feedstock could be produced without
requiring additional land. This may not
be the case, however, if crop residue
removal decreases grain yields, thus
requiring additional land to be brought
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into production. An added concern
with using crop residues as a bioenergy
feedstock is whether or not sufficient
quantities would be available for har-
vest while still protecting the soil re-
source (Wilhelm et al. 2010).

It has been suggested that an ad-
ditional or alternative source of bioen-
ergy feedstock may be short-rotation
woody crops or perennial grasses (e.g.,
poplar [Populus spp.], willow [Salix
spp.], switchgrass [Panicum virgatum],
or Miscanthus [Miscanthus x gigan-
teus]) grown on sensitive, marginal,
degraded, idle, or abandoned lands
(Blanco-Canqui 2010; Campbell et al.
2008; Lemus and Lal 2005; Paine et al.
1996; Schmer et al. 2008; Tilman, Hill,
and Lehman 2006). Because these lands
often have low productivity for annual
crop production or are not currently be-
ing used for crop production, using these
lands for bioenergy production could de-
crease the need to bring additional lands
into annual crop production. These lands
also may be where production of peren-
nial feedstock is more profitable than an-
nual crop production (McLaughlin et al.
2002; Walsh et al. 2003).

Increasing perennial production on
the landscape, particularly on sensitive
lands, could provide additional eco-
system service benefits (Tilman, Hill,
and Lehman 2006). Initial modeling
also questioned whether or not those
benefits would be derived if the plants
were harvested, but after sampling
ten farms in the central and northern
Great Plains, Liebig and colleagues
(2008) showed that soil organic C in-
creased significantly within both the 0
to 30 centimeter (cm) and O to 120 cm
depth increments. Accrual rates aver-
aged 1.1 and 2.9 Mg per hectare per
year (ha'! yr'!) (4.0 and 10.6 Mg CO,
ha'! yr'!), respectively; however, there
was substantial variation across sites,
emphasizing the need for additional
long-term field studies. Some research
has indicated that riparian buffers har-
vested for bioenergy can be managed to
decrease runoff and sediment transport
(Sheridan, Lowrance, and Bosch 1999).

One important consideration is the
payment amount that producers, par-
ticularly those who specialize in corn/
soybean production, will receive for
establishing and growing perennials on
sensitive lands for bioenergy use. These
payments may be higher than would be



indicated by comparing returns from
current annual cropping because of the
need for more intensive or diversified
management skills. Another concern is
that although land devoted to perenni-
als can be converted back to row crops
if feedstock prices decrease, at least
one establishment year is required to
convert cropland back into a perennial
crop such as switchgrass.

Another major challenge associated
with accounting for the provision of
ecosystem services as part of an over-
all energy analysis is that, even though
management decisions (e.g., what crop
to plant) are made at the farm level, this
is not necessarily the scale at which
ecosystem services (e.g., wildlife num-
bers or filtering and buffering effects)
are generated or where the benefits are
realized (Fischer, Turner, and Morling
2009; Gottfried, Wear, and Lee 1996;
Lant et al. 2005). Increasing the value
of ecosystem services to the farmer,
through ecosystem service markets
or policy incentives, could indirectly
lower energy use associated with corn/
soybean production by providing addi-
tional economic incentives to decrease
soil erosion and prevent nutrient and
pesticide losses to the environment.

It is also possible, however, that
these incentives could result in practic-
es that lower production, either through
decreased yields or by taking land out
of crop production (and shifting pro-
duction to less productive regions). If
that is the case, increasing the value of
ecosystem services could increase en-
ergy use per unit of production. A key
challenge is to predict accurately and to
understand the interactions that might
occur, including effects on land use and
management decisions.

Research and Development
Needed to Meet Economic
Challenges

Key research needs include find-
ing ways to lower adoption barriers for
energy-conserving practices. Important
facets of adoption include characteris-
tics of the learning process, potential
adopters, and conservation practices
(Pannell et al. 2006). Achieving net
reductions in energy use will require
identification and development of prac-
tices that are not only more efficient
but also economically superior. This

includes research that decreases uncer-
tainty associated with adoption of en-
ergy-conserving practices and provides
opportunities for producers to learn
about different production practices and
to develop skills for using those prac-
tices. Some examples are developing
technologies that lower the cost of soil
testing, gathering information related to
soil nutrient status, decreasing costs of
precision agriculture technologies, and
applying the information to develop
better knowledge and tools for using
ecological processes to enhance corn/
soybean production.

The 2010 assessment of North
American soil fertility developed with
data from 4.4 million soil samples
analyzed by private and public soil-
testing laboratories illustrates this
type of activity (Fixen et al. 2010).
Unfortunately, those data show that soil
nutrient levels in some prime produc-
tion areas are not being maintained.
Current agricultural management prac-
tices are mining nutrients. Correcting
this situation with expanded use of soil
testing and replacement of nutrients re-
moved by crops is crucial for rebuilding
depleted nutrient levels. For optimum
production, it is important to maintain
soil productivity and to improve the ef-
ficiency of use for all inputs, including
energy. These actions also are crucial
for maximizing returns to land, labor,
and capital used in every production
system. Furthermore, these benefits ac-
crue across all scales of analysis, from
individual fields to farms, to regions, to
states, to nations, and thus globally.

Another research need is the devel-
opment of management systems that
allow agricultural production to meet
the multiple demands of food, feed, fi-
ber, fuel, and ecosystem services in the
best ways possible. This will require
planning beyond a single field or farm;
to achieve true sustainability, broader
economic impacts and provision of
ecosystems services extending to lo-
cal and regional landscapes also must
be included. For example, by adopt-
ing site-specific management, a portion
of current crop residues could be used
for bioenergy production, and there
are several scales at which perennials
could be grown on the landscape. These
scales include using buffer strips on
marginal lands within production and
bordering fields, in whole fields of mar-
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ginal land (e.g., Conservation Reserve
Program [CRP]), or in large tracts of
marginal land. Simply stated, these
production alternatives will be driven
by economics, because if farmers can
make more money on a piece of land
by growing switchgrass than by grow-
ing corn or soybean, they will grow
switchgrass. From a bioenergy invest-
ment perspective, this emphasizes the
need for stable and predictable policies
on which all management decisions can
be made.

ENVIRONMENTAL CHALLENGES
Facing CORN/SOYBEAN
SYSTEMS

Key Issues at Each Scale
and Risks Involved

When quantifying energy issues
associated with agricultural systems,
two of the key environmental risks
and challenges are climate change and
land conversion. This is especially true
in the redesign of existing systems to
produce biofuels for transportation, in
addition to the food, feed, and fiber that
they already deliver to a global market.

Rising temperatures increase
evaporation and generally cause an
increase in the amount of water in the
atmosphere. Locally, fluctuations in
rainfall patterns compared to the past
30-year normal could cause either
drought or higher precipitation in corn-
growing regions. Recent data show that
the Corn Belt region has experienced
a trend toward high