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Series Preface

From its initial use in the 1960s by cartographers who wanted to adopt computer
techniques in mapmaking, geographic information systems (GIS) have become an
essential and efficient toolkit in all aspects of agriculture from farm management and
resource conservation to a broad range of agribusiness applications. Recognizing
that few examples from agriculture were used in teaching or demonstrating GIS,
my good friend Max Crandall envisioned a book dedicated to applications of GIS
in agriculture that could provide learning opportunities to scientists, educators, stu-
dents, consultants, and farmers in either formal or informal settings. Max formed a
small group, including Pierre C. Robert, Harold Reitz Jr., Matthew Yen, and myself,
that shared numerous ideas about such a book over phone conversations. With the
untimely death of Pierre C. Robert in December 2003, interest in the book dimin-
ished until 2006 when CRC Press, through the efforts of one of its editors, John
Sulzycki, agreed to publish the book entitled GIS Applications in Agriculture edited
by Francis J. Pierce and David E. Clay, which appeared in February 2007. With a
long-term commitment from CRC Press to Max Crandall’s vision, this book became
a book series on GIS Applications in Agriculture for which I am series editor.

GIS Applications in Agriculture: Nutrient Management for Energy Efficiency
edited by David E. Clay and John F. Shanahan is the second volume in this book
series. This book includes 24 chapters on various topics dealing with geospatial
aspects of tillage, and nutrient, water, and energy use in agriculture. Like the first
volume, detailed applications are provided in many chapters with datasets and color
figures on a separate CD for readers to use in teaching and learning GIS or directly
applying them to situations they face in agriculture. I am grateful to David E. Clay
for agreeing to develop this volume and to his coeditor, John Shanahan, for the hard
work that went into organizing and editing it, and to the chapter authors for their
excellent contributions to what I believe are interesting and useful applications of
GIS in agriculture. I would also like to thank Randy Brehm, the CRC Press editor for
this volume, and all those at CRC Press who made this volume possible.

As series editor, it is my responsibility to seek new book ideas and capable editors
to create additional books in this series on topics of importance to agriculture that
provide relevant applications of GIS in agriculture. I invite those who have ideas for
new volumes in the GIS Applications in Agriculture series to contact myself or CRC
Press to discuss publishing opportunities.

Francis J. Pierce
Series Editor
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Preface

The concept for this book evolved from numerous scientific discussions and grower
education meetings, including a soil carbon workshop jointly sponsored by South
Dakota State University and the South Dakota Corn Utilization Council, and a
United States North Central Sustainable Agriculture (NC-SARE) conference, lead-
ing to a white paper providing research recommendations. At these meetings, the
scientific community expressed the need for the development of techniques that
could simultaneously increase soil carbon storage and reduce agriculture’s energy
footprint, while producers from around the world mentioned the need to reduce their
fertilizer input costs. A review of activities showed that many different approaches
were being tested. The use of site-specific or precision agriculture has arisen as a
common theme for addressing the multitude of concerns and issues raised.

Agriculture is being changed by three fundamental forces: the expanding capac-
ity of personal computers, molecular biology revolution, and developments in infor-
mation technology like geographical information systems (GIS). Through precision
farming, all three technologies can be packaged and delivered to producers. The
combined impact is likely to lead to the greatest intellectual transition that has ever
occurred in agriculture. Who would have thought 50 years ago that a large percent-
age of tractors traversing our vast fields today would be under the control of auto-
steer systems rather than being driven by farmer operators? Who would have thought
that the farming community would be using a single line of machinery powerful and
efficient enough to farm 4000 ac? Who would have thought that the major defensive
mechanisms in our battle with pests would come in our seed bags? We are entering a
new era in production agronomics, an era dominated by site-specific spatial manage-
ment of farming inputs. This is an era during which the agricultural foundations will
undergo revolutionary changes.

For centuries, agronomy was dominated by the biological sciences and the ability
to work hard. We are now witnessing an era when creativity and mathematics are
assuming equal importance. Throughout the chapters of this book there is evidence
that attests to how complex mathematical and spatial modeling approaches can serve
as the basis for much of our present and, certainly, future management. It is math-
ematics that will enable producers to make full use of the technological advances
made during the 21st century. This book focuses on the use of mathematics and
creativity to develop nutrient management practices that will help producers improve
their profitability and energy efficiency. It highlights successes and discusses the
nuts and bolts associated with implementing the proposed techniques. The topics
discussed in this book include calculating energy efficiency, devising techniques for
overcoming yield-limiting factors, collecting and analyzing soil information, using
remote sensing for improving management decisions, developing an economically
optimum site-specific corn plant population equation based on experiment containing
many field sites, assessing and implementing site-specific carbon and water manage-
ment systems, analyzing energy efficiency of compost and manures, and estimating

xi
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xii Preface

soil productivity and energy efficiency using online data sources. For color figures,
please refer to the accompanying CD-ROM.

Funding for organizing this book was obtained from the US-USDA-NC-SARE
program. The NC SARE mission is to “strengthen rural communities, increase
farmer/rancher profitability, and improve the environment by supporting research
and education.” NC SARE contact information is http://www.sare.org/ncrsare/phone
(402) 472-7081.

For MATLAB® and Simulink® product information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA, 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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Dr. David E. Clay is the director of the South Dakota Drought Tolerance Center,
Brookings, South Dakota, professor of plant sciences, and fellow of the American
Society of Agronomy, Madison, Wisconsin. Currently, he is serving as senior editor
for the Agronomy Journal and as associate editor for the Journal of Plant Nutrition,
the International Journal of Agriculture, and Precision Agriculture. He has edited
a number of books that include South Dakota Best Management Manual (SDSU),
Site-Specific Farming Guidelines Manual (International Plant Nutrition Institute),
GIS Applications in Agriculture (CRC Press), and Soil Science: A Step-by-Step
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book, Mathematics and Science for Improved Agronomic Decisions, which is being
published by the International Plant Nutrition Institute, Norcross, Georgia. He
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and test sustainable agricultural management systems that enhance environmental
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Dr. John F. Shanahan is currently an agronomy research manager with Pioneer
Hi-Bred International of Johnston, Iowa. He was a professor in the Department of
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agronomist with USDA-ARS from 1998 to 2010 in Lincoln, Nebraska. He received
his BS in agronomy from the University of Nebraska in 1977 and his MS (1979) and
PhD (1982) in crop breeding and physiology from Colorado State University. His
major fields of interest are agronomy, soil science, remote sensing, and precision
agriculture, with the goal of providing growers with innovative management solu-
tions for improving agricultural productivity and sustainability. Dr. Shanahan has
reported results of his research in more than 70 peer-reviewed publications, book
chapters, and conference proceedings, written more than 60 extension publications
(including bulletins, newsletter articles, and popular press reports), and delivered
more than 250 extension presentations providing information to crop producers, con-
sultants, extension educators, government personnel, and the public. He has served
on the editorial boards for Agronomy Journal and Journal of Precision Agriculture.
He is a member of the American Society of Agronomy, Crop Science Society of
America, and Soil Science Society of America and a fellow of the American Society
of Agronomy.

xiii

© 2011 by Taylor and Francis Group, LLC






Contributors

Viacheslav 1. Adamchuk

Biological Systems Engineering
Department

University of Nebraska-Lincoln

Lincoln, Nebraska

Mahdi Al-Kaisi
Department of Agronomy
Iowa State University
Ames, lowa

Telmo Jorge Carneiro Amado
Soil Department Federal University

of Santa Maria, Santa Maria
Rio Grande do Sul, Brazil

Daryl B. Arnall

Department of Plant and Soil Sciences
Oklahoma State University

Stillwater, Oklahoma

A.S. Birr

Minnesota Department of Agriculture

Pesticide and Fertilizer Management
Division

Rochester, Minnesota

Yacine M. Bouroubi
Horticulture Research and Development
Centre
Agriculture and Agri-Food Canada
Saint-Jean-sur-Richelieu,
Quebec, Canada

Kevin F. Bronson

USDA-ARS Arid Land Agricultural
Research Center

Maricopa, Arizona

© 2011 by Taylor and Francis Group, LLC

Gregg Carlson

Plant Science Department
South Dakota State University
Brookings, South Dakota

David E. Clay

Plant Science Department
South Dakota State University
Brookings, South Dakota

Sharon A. Clay

Plant Science Department
South Dakota State University
Brookings, South Dakota

D.A. Crouse

Department of Soil Science
North Carolina State University
Raleigh, North Carolina

A. Ehni

Wells County North Dakota Soil
Conservation District

Fessenden, North Dakota

R.E. Engel

Department of Land Resources
and Environmental Sciences

Montana State University

Bozeman, Montana

David W. Franzen

Soil Science Program

School of Natural Resource Sciences
North Dakota State University
Fargo, North Dakota

Christopher J. Graham

Department of Crop and Soil Sciences
Cornell University

Ithaca, New York

XV



Xvi

Robert D. Grisso

Biological Systems Engineering
Department

Virginia Polytechnic Institute and State
University

Blacksburg, Virginia

Serge Guillaume
Cemagref, UMR ITAP
Montpellier, France

J.L. Havlin

Department of Soil Science
North Carolina State University
Raleigh, North Carolina

C.B. Hedley
Landcare Research
Palmerston North, New Zealand

R. Kyle Heimerl

Plant Science Department
South Dakota State University
Brookings, South Dakota

D.W. Kelley

Department of Geography
University of St. Thomas
St. Paul, Minnesota

Newell R. Kitchen
USDA-ARS
Columbia, Missouri

Michael F. Kocher

Biological Systems Engineering
Department

University of Nebraska-Lincoln

Lincoln, Nebraska

David A. Laird
Department of Agronomy
Iowa State University
Ames, Iowa

© 2011 by Taylor and Francis Group, LLC

Contributors

Rattan Lal

Carbon Management and Sequestration
Center

School of Environment and Natural
Resources

The Ohio State University

Columbus, Ohio

Adam J. Liska

Department of Biological Systems
Engineering

University of Nebraska

Lincoln, Nebraska

Daniel S. Long

USDA-ARS Columbia Plateau
Conservation Research Center

Pendleton, Oregon

Douglas D. Malo

Plant Science Department
South Dakota State University
Brookings, South Dakota

Jeffrey J. Melkonian

Department of Crop and Soil Sciences
Cornell University

Ithaca, New York

Umakant Mishra

Energy Biosciences Institute
University of California Berkeley
Berkeley, California

and

Carbon Management and Sequestration
Center

School of Environment and Natural
Resources

The Ohio State University

Columbus, Ohio



Contributors

Robert W. Mullen

School of Environment and Natural
Resources

The Ohio State University

Columbus, Ohio

Nsalambi V. Nkongolo
Department of Agriculture

and Environmental Sciences
Lincoln University of Missouri
Jefferson City, Missouri

John Nowatzki

Agricultural and Biosystems
Engineering Department

North Dakota State University

Fargo, North Dakota

Bernard Panneton
Horticulture Research and Development
Centre
Agriculture and Agri-Food Canada
Saint-Jean-sur-Richelieu,
Quebec, Canada

F. Mamani Pati

UAC Carmen Pampa
Bolivian Catholic University
Coroico, La Paz-Bolivia

Richard K. Perrin

Department of Agricultural
Economics

University of Nebraska

Lincoln, Nebraska

Shafiqur Rahman
Department of Agricultural

and Biosystems Engineering
North Dakota State University
Fargo, North Dakota

© 2011 by Taylor and Francis Group, LLC

Xvii

Kurtis D. Reitsma

Plant Science Department
South Dakota State University
Brookings, South Dakota

M.P. Russelle

Plant Science Research Unit
USDA-Agricultural Research Service
St. Paul, Minnesota

Antonio Luis Santi

CESNORS/Federal University of Santa
Maria, Frederico Westphalen

Rio Grande do Sul, Brazil

Peter C. Scharf

Plant Science Department
University of Missouri
Columbia, Missouri

Joseph Schefers
Monsanto Company
Brookings, South Dakota

Thomas E. Schumacher
Plant Science Department
South Dakota State University
Brookings, South Dakota

H. Smeltekop

UAC Carmen Pampa
Bolivian Catholic University
Coroico, La Paz-Bolivia

D.G. Tiffany

Department of Applied Economics
University of Minnesota

St. Paul, Minnesota

Nicolas Tremblay
Horticulture Research and Development
Centre
Agriculture and Agri-Food Canada
Saint-Jean-sur-Richelieu,
Quebec, Canada



xviii Contributors

Harold M. van Es 1.J. Yule
Department of Crop and Soil Sciences New Zealand Centre for Precision
Cornell University Agriculture
Ithaca, New York Massey University
Palmerston North, New Zealand

Philippe Vigneault
Horticulture Research and Development Xiaodong Zhang

Centre

Earth Systems Science and Policy
University of North Dakota
Grand Forks, North Dakota

Agriculture and Agri-Food Canada
Saint-Jean-sur-Richelieu,
Quebec, Canada

R.J. Wiederholt

Carrington Research Extension Center
North Dakota State University
Carrington, North Dakota

© 2011 by Taylor and Francis Group, LLC



’I Energy and Climate
Implications for
Agricultural Nutrient
Use Efficiency

Adam J. Liska and Richard K. Perrin
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1.1  EXECUTIVE SUMMARY

Energy and climate change are beginning to dominate the global political agenda
and will drive policy formation that will shape the future of agriculture. Energy
issues threaten national security and economic stability, as well as access to low-
cost nutrient inputs for agriculture. Climate change has the potential to cause
serious disruption to agricultural productivity. Paradoxically, nutrient use in agri-
culture to increase crop yields has the potential to negatively impact climate. This
chapter will discuss recent and future energy and climate trends, the relationships
between agricultural nutrient use efficiency and biofuels, and how global land
limitations will shape agriculture in the future. Comparative gross energy yield
and nitrogen use efficiency for ethanol production from crop residue, switchgrass,
grain sorghum, sweet sorghum, and corn grain is presented, showing small dif-
ferences in nitrogen use efficiency, but large differences in gross energy yields. In
addition to considering the need to increase crop productivity to meet the demands
of a growing population and bioenergy, agricultural nutrient use efficiency must be
reconsidered with respect to the important energy and climate challenges shaping
agriculture today.
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2 GIS Applications in Agriculture: Nutrient Management for Energy Efficiency

1.2 ENERGY AND CLIMATE TRENDS

Nutrient application in agriculture is essential to maintain a sufficient food supply
for a growing global population and to meet an increased demand for bioenergy.
The fixation of atmospheric nitrogen (N) by the Haber—Bosch process has enabled
higher crop yields necessary to support the growth of global population by roughly
three billion people in the twentieth century, or almost half of humanity.?’ Energy is
required to process, deliver, and apply nutrients to land, which is costly and contrib-
utes to climate change. Increased nutrient use efficiency is essential to increase crop
productivity and energy efficiency of bioenergy production in a sustainable manner
while limiting negative environmental impacts and reducing costs.®

Energy issues are beginning to dominate the global political agenda. First, there
is growing concern that global production of easily accessible oil is nearing its
peak rate.!>3¢ Global oil production is dominated by giant oil fields, with the 500
largest fields contributing over 60% of production.?’ In 2008, 580 of the 651 larg-
est oil fields globally were reported to have passed their peak production rate and
are now producing an average of about 6% less oil per year.?”?® In accordance
with reported declining trends, an independent analysis from Uppsala University
in Sweden found that global oil production will decline from 84 million barrels per
day (mb/day) (including natural gas liquids) in 2007 to roughly 76 mb/day by 2030.2
In contradiction to these findings, official analysis from the International Energy
Agency (IEA) optimistically anticipates that petroleum production will continue
to increase through 2030, reaching a level 20% higher than current levels.’® The
U.S. Energy Information Administration (EIA) also anticipates an increase in pro-
duction over this period of about 15%.!> Contrary to these assertions, the Swedish
study states that historic trends of reduced field productivity will continue in the
future at the same rate, which means lower productivity than other estimates that
are more likely to be politically influenced. These conflicting expectations add
uncertainty and volatility to world energy markets that are already vulnerable to
political and economic vagaries.

Increases in oil demand that exceed rates of supply increase will cause oil prices
to climb. By 2030, both the IEA and EIA project oil to reach about $190 per bar-
rel in nominal dollars ($115-$130 in 2008 dollars). Some suggest, however, that the
recent oil price spike in 2008 to $147 per barrel (compared to roughly $80 per barrel
in December 2009) has stimulated increased conservation and adaptation which may
keep oil prices relatively lower in the near term due to reduced demand.® The current
recession has also reduced demand for oil. Nonetheless, oil prices and the trend in total
cost of U.S. crude oil imports are likely to continue to increase (Figure 1.1). In 2007
with oil at $70 per barrel, the U.S. trade deficit in petroleum products was $293 billion,
or 36% of the total trade deficit of $819 billion.®? Increasing production of nonconven-
tional sources of petroleum such as oil (tar) sands from Canada will also help maintain
petroleum supply,?® while production from current major fields is declining. Oil sands
could contribute as much as 20% of U.S. gasoline supply by 2020.4!

Global growth in population and the world economy have required greater energy
use to sustain improving living standards. With increasingly narrow margins between
energy supply and demand, analysis suggests that disruption of the oil supply and
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FIGURE 1.1 Inflation-adjusted annual value of crude oil imports into the United States in
billions from 1950 to 2008 (in 2000 dollars). (From EIA, Annual Energy Review 2008, U.S.
Department of Energy, Washington, DC, 2009.)

accompanying oil price spikes can have significant negative impacts on the global
economy.?® While the interrelationships between the business cycle and petroleum
price are complicated and not easily resolved,*® Brown® reports that 9 of the past 10
U.S. recessions since 1945 were preceded by significant oil price spikes. The rela-
tionships between oil price and the health of the economy suggest that current high
and unstable oil prices could have broad implications for economic stability.

The high oil prices of 2008 led to the transfer of nearly $1 trillion to members
of OPEC, the Organization of the Petroleum Exporting Countries.!” National oil
companies in OPEC and other countries, such as Saudi Aramco (Saudi Arabia), the
National Iranian Oil Company (Iran), Petrochina (China), Petrobras (Brazil), and
Gazprom (Russia), control approximately 90% of the world’s oil reserves and 75% of
global oil production—similar numbers apply for natural gas.®

In conjunction with these trends, growing military intervention to ensure access
to foreign oil has amplified the threat of international conflict. There is growing
consensus in the economic and military communities that oil played a large part in
the U.S.-led invasion of Iraq in 2003.4264430 JTraq has the third largest oil reserves
globally at 115 billion barrels (~9% of global crude oil reserves), ranking below
only Saudi Arabia and Iran.!® The full monetary cost of the Iraq war is projected
by Stiglitz and Bilmes® to range between $2.7 and $5 trillion and the conflict has
resulted in between 90,000 and 800,000 violent deaths of Iraqi civilians and more
than 4000 U.S. military deaths since 2003.93

As a corollary to the invasions of Iraq, ongoing U.S. military activities in
Afghanistan are also motivated, in part, by proposed pipeline installation for trans-
portation of oil and gas from Central Asia to the Indian Ocean.?**¢! In that region,
Kazakhstan contains three of the world’s 10 largest giant oil fields (newly discov-
ered), and they are now Chevron’s leading source of petroleum, which is exported
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via pipelines heading west through Georgia.’-3>% In U.S. Congressional testimony
in 2006, Steven Mann, Principal Deputy Assistant Secretary for South and Central
Asian Affairs at the State Department, clearly outlined U.S. intentions concerning
energy in the Afghanistan region:

“Since the independence of the new Caspian states 15 years ago, the United States
has been in the forefront of oil and gas development in the region, and our efforts are
paying off.” “With the completion of the first phase of the East-West Energy Corridor
[through Georgia], we must now press on with the second phase of supporting new
energy routes out of Central Asia.” “The United States and the countries of the broader
region share an interest in the free movement of energy, people, goods, and informa-
tion from the Kazakh steppes to the Indian Ocean. We want not only to support eco-
nomic development along a north-south axis, but also afford Afghanistan access to a
wider world, thus becoming a bridge, not a barrier.”®!

In addition to these two costly military ventures with significant relationships to
energy resources, costly military security for global oil transportation includes pro-
tection of unstable maritime oil transit routes, which has been recently estimated to
cost between $104 and $138 billion per year.!121°

Serious energy-related security issues also arise from the fact that international
terrorism has been supported by tens of millions of dollars from the sale of Middle
Eastern 0il.”#” Some of this money is thought to have been used to support the
September 11, 2001 “9/11” terrorist attacks on the United States,*” although it is rec-
ognized that relatively little money was actually required to carry out most terrorist
attacks in the last 10 years.®’

These various challenges for the petroleum economy consisting of limited and
fragile supply, wealth transfer, contribution to national deficits, costly military
operations, and terrorism are all serious national security and economic issues.
These issues have stimulated support for the development of alternative energy
sources.!*”! Biomass resources are of particular importance because they can be
converted to liquid fuels to substitute for petroleum which can be used in exist-
ing infrastructure with limited modification. The U.S. Energy Independence and
Security Act of 2007 (EISA) mandates that 36 Bgal of biofuels be produced annu-
ally by 2022, of which 15 Bgal/year are to be grain ethanol, 16 Bgal/year are
to be cellulosic ethanol, and 5 Bgal are to be other advanced renewable fuels.
Furthermore, the U.S. Air Force, the world’s single largest consumer of petroleum,
recently announced a plan to substitute 50% of their fuel use with alternative fuels,
with particular emphasis on biofuels.?> Continued expansion of the biofuel industry
will place greater demands on agricultural productivity and efficiency.

While limited energy supply is increasingly problematic, the impacts of atmo-
spheric emissions from fossil-based energy sources on global climate change are
becoming well established.?! Anthropogenic climate change from greenhouse gas
(GHG) emissions from burning fossil fuels will impact agriculture in a number of
ways. Some of the changes that will have negative impacts on agriculture include
higher average night-time temperatures,’! greater frequency of heat waves, heavy
rainfall events, destructive storms, and regional droughts.® In addition, rising sea
level has the potential to submerge coastal agricultural regions, decreasing the
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availability of fertile agricultural land. Finally, rising temperature is contributing
to the global disappearance of glaciers that threatens the water supply of regions
dependent on glacial meltwater for irrigation to support agricultural productivity.*>63

The sum of these challenges for agriculture may be quite significant in the near-
term future. Commodity prices will rise, and these price increases will stimulate
adoption of more efficient production techniques as well as expansion of agricultural
systems. Nutrient efficiency research will provide new information that will permit
these adjustments to be made, which otherwise would not be possible with lower
food and biofuel prices.

1.3 AGRICULTURAL NUTRIENT USE EFFICIENCY AND BIOFUELS

Energy price increases raise both the cost of field operations and the prices of crop
inputs. Most N fertilizers are manufactured from natural gas or petroleum, so their
costs will obviously rise with oil prices. Even though potash and phosphate are not
manufactured from fossil energy, substantial amounts of energy are required in their
extraction and processing, and their prices have also recently followed oil prices
(Figure 1.2a). The primary nutrient applied in the United States is N (Figure 1.2b),
and its price is most closely related to oil price. Therefore, sustained oil prices above
$100 per barrel will lead to fertilizer prices substantially higher than previously
experienced, and drive investment in practices to limit fertilizer expenditures and
increase nutrient use efficiency.

Improved management has contributed to recent gains in nutrient use efficiency
for corn in the United States to the extent that on average 37% of applied N is now
taken up by the crop. From 1980 to 2000, N application remained relatively constant at
146kg/ha! (Figure 1.2¢) while the partial factor productivity (kg grain yield per kg of N
applied) increased by 36% (from 42 to 57 kg/kg').? Increasing agricultural nutrient use
efficiency will also reduce the negative climate impact of crop production.

GHG emissions from agriculture are a large positive source of global warming
potential. In 2005, nonfossil fuel emissions from global agriculture contributed
10%—12% of total of anthropogenic GHG emissions, with methane (CH,) contribut-
ing a little over half of emissions and nitrous oxide (N,O) emissions contributing
the majority of the remainder.’” These agricultural emissions contributed roughly
50% of global methane emissions and 60% of nitrous oxide emissions. Methane is
produced when organic materials decompose in oxygen-deprived conditions, with
significant sources from digestion in ruminant livestock, manure, and flooded rice.
Nitrous oxide, on the other hand, is produced by the microbial transformation of N
in soil and manure. Global agricultural N,O emissions are projected to increase by
35%—-60% by 2030 due to increased N fertilizer use and increased animal manure
production. In the United States, however, synthetic N applications are projected to
remain relatively constant, and increases in N,O emissions are projected mainly from
manure.’’ Large and uncertain net fluxes of carbon dioxide from global agriculture
are not thought to contribute much to net GHG emissions from agriculture overall.

In addition to biogenic GHG emissions, additional GHG emissions from produc-
tion and application of cropping inputs must also be considered. After totaling net bio-
genic and fossil fuel inputs for a corn grain cropping systems in U.S. Corn Belt, N,O

© 2011 by Taylor and Francis Group, LLC



6 GIS Applications in Agriculture: Nutrient Management for Energy Efficiency

1200 - -
Qil x 10, WTI, cushing, ok
— — — Anhydrous ammonia, 82% N
2 1000 {——— — Urea, 44%-46% N
x |- Superphosphate, Triple, 44%-46% P,0,
o) R Muriate of potash, 60%—62% K,O
g 800 1 2
a
3
&8, 600
&
§ 400
2
w200 1
0 T T T . r
1998 2000 2002 2004 2006 2008 2010
(a) Year
14
o 124
(=}
<
=3 10 1
S Nitrogen (N)
x 81 — — — Phosphate (P,0,)
a — —— — Potassium (K,0)
2 67 R[——\\ /~
= N A IR
- o=
= e
z , E-
0 T T T T
1960 1970 1980 1990 2000 2010
(b) Year
160
5 140 A
g
g 120 1 Nitrogen (N)
E=l — — — Phosphate (P,0,)
.§ f 100 1 — —— — Potassium (K,0)
'R
% on 80 1 ~ N
by 4 ™~ v
2 601 RN
g /// N~ —
e 40 A /
20 T T T :
1960 1970 1980 1990 2000 2010
(© Year

FIGURE 1.2 Average annual fertilizer and oil prices (a), total fertilizer consumption in the United
States (b), and average fertilizer application rates per hectare for corn (c). (From EIA, Official
Energy Statistics from the U.S. Government. Accessed at http://tonto.eia.doe.gov, November
2009; ERS [Economic Research Service], USDA, U.S. Fertilizer Use and Price. Accessed at
http://www.ers.usda.gov/Data/FertilizerUse/, November 2009; USDA [United States Department
of Agriculture], Agricultural Prices Supplement, August 2009. Accessed at http://usda.mannlib.
cornell.edu/usda/current/AgriPricSu/AgriPricSu-08-05-2009.pdf, November 2009.)
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TABLE 1.1
Energy Inputs and Direct GHG Emissions from an Average Corn
Cropping System in the Midwest, Assuming Soil Carbon Dynamics

Are Neutral
Energy Inputs, %  GHG Emissions, %
Nitrogen fertilizer 39.7 15.0
N,O emissions from N fertilizer®: — 35.5
denitrification, volatilization, leaching, runoff
N,O emissions from crop and biomass — 12.7
N: crop residue, roots, manure

Phosphorus fertilizer 2.2 32
Potassium fertilizer 3.7 1.5
Lime 0.2 6.3
Herbicides 11.5 5.2
Insecticides 0.5 0.2
Seed 1.2 0.6
Gasoline 3.8 1.7
Diesel 16.2 8.7
LPG 8.3 34
Natural gas 4.8 1.7
Electricity 6.0 3.1
Farm machinery 2.0 0.9
Total 100.0 100.0

Source: Liska, AJ.etal., J. Ind. Ecol., 13, 58, 2009.
2 Of synthetic N fertilizer applied, 1.33% is lost as N,0.
Emissions from “fertilizer[s]” are from fossil fuel use in upstream production.

emissions from fertilizer N inputs (based on IPCC emission factors) were found to be
roughly 36% of net GHG emissions*>#? (Table 1.1). Applications of N are also a signifi-
cant fraction of energy inputs for corn grain production accounting for roughly 40%
of agricultural energy inputs. By improving N use efficiency, energy inputs and emis-
sions can be reduced. Evidence suggests that N,O emissions can be reduced by 20%
by increasing crop N use efficiency via crop management, by 10% via use of either soil
N tests or fertilizer timing, and by 5% with the use of either nitrification and urease
inhibitors or N fertilizer placement.’ Different types of N fertilizer may also have the
potential to reduce N,O emissions. Furthermore, efficient N use can be improved by
adjusting application rates using GIS-based precision estimates of crop needs.

Crops accumulate their biomass carbon from atmospheric carbon dioxide and
have the potential to be an energy source that does not contribute to net growth in
atmospheric GHGs. If bioenergy is not to significantly contribute to GHG emissions,
efficient collection and conversion to liquid forms is required for minimal use of
fossil fuels. Ethanol production from corn grain in the United States and from sugar-
cane in Brazil are models for increased utilization of agricultural resources to meet
societies’ energy needs while reducing GHG emissions relative to the gasoline they
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replace (although indirect GHG contributions of both gasoline and biofuel produc-
tion are not yet accurately accounted for in current analytical methods).*! Significant
research and development efforts are also underway to better utilize biomass
resources for transportation fuels via production of cellulosic ethanol, and other so-
called “second-generation” biofuels, although these systems are not yet profitable.*
Biofuel production is a “system of systems’3* composed of distributed independent
complex systems for crop production, biomass transportation, biorefining, co-product
use, fossil fuel production and delivery, fertilizer and chemical inputs, and end-use
vehicle systems. The efficiency of the overall biofuel production system can be ana-
lyzed using life cycle assessment (LCA), which is used to compare biofuel perfor-
mance with fossil fuel systems. In addition, LCA enables the environmental impacts of
a production system to be analyzed to identify areas for improvements in efficiency.?’
The life cycle efficiency of biofuel production is primarily analyzed in terms of
energy efficiency and net GHG emissions.*# Crop production contributes approxi-
mately 50% of positive life cycle emissions.*? In the past and now, research into the
life cycle energy efficiency of biofuel production systems (particularly corn-ethanol) has
been marked by conflicting results, but greater consensus from recent research shows
positive energy and GHG benefits are derived from biofuel production and use.!:323:4042
The EISA legislation now requires that biofuels must reduce life cycle GHG emissions,
including indirectly caused emissions, compared to fossil fuels. Comparisons of the
indirect GHG emissions resulting from gasoline production and corn-ethanol produc-
tion are still primitive.*! EISA requires that corn-ethanol must reduce emissions by 20%
compared to gasoline, but the precise methodologies for these life cycle calculations are
still under development. Other recent state legislation, such as in California, will restrict
market access if biofuels do not meet life cycle GHG emissions reduction targets.
Recent improvements in biorefinery energy efficiency have greatly influenced
the life cycle energy efficiency of corn-ethanol production.*> In 2001, survey data
reported that energy inputs for the biorefinery were 13.9 MJ/L! (primarily coal
and natural gas) and comprised 67% of life cycle energy inputs.?® Since 2001, the
U.S. corn-ethanol industry has significantly expanded with new more efficient pro-
duction capacity, composed primarily of natural gas powered dry mill biorefiner-
ies (Figure 1.3). Survey data from 2006 documents the increasing average energy
efficiency of the industry, with biorefinery energy inputs reduced to 7.7MJ/L!, con-
tributing 56% to life cycle energy inputs.*>>2 Use of recent data suggest that corn-
ethanol has a net energy return of 1.6 units of energy per unit of energy invested.*
Furthermore, compared to gasoline, corn-ethanol has been shown to reduce direct
GHG emissions by approximately 47% on average;>*° this estimate, however, does
not include emissions from indirect land use change.>
Other agricultural biofuel production systems are under development, but most
other systems suffer from relatively lower energy yield per hectare and lower energy
yield per unit of nutrient applied compared with ethanol produced from corn and sor-
ghum grain. For example, in the United States, soybean-biodiesel produces on aver-
age 15% of the biofuel volume per hectare compared with corn-ethanol.¥ Correcting
for energy density differences, soybean-biodiesel yields 23% of the gross energy
yield of corn-ethanol on average. Cellulosic ethanol produced from crop residues and
perennial grasses is currently under development, and only a very limited production
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FIGURE 1.3 Increasing ethanol production capacity utilizing corn grain in the United States.
Total installed capacity in 2009 is 12.5 Bgal/year. Industry statistics provided by Cooper.
(From Cooper G., Personal communication, Renewable Fuels Association, Washington, DC,
2009.)

capacity is installed. Ethanol from sweet sorghum provides an alternative cropping
system that shows potential to be competitive with corn grain.”

State-level production statistics and field trial data provide a comparison among
these selected ethanol production systems in Nebraska (Table 1.2). Gross energy
yield per hectare as ethanol was found to range from 10 to 95 GJ/ha!, with use of both
corn grain and residue being the most productive system. Despite this wide range
in productivity per area, the N use efficiency only varies from 0.47 to 0.70, with an
average of 0.586 GJ ethanol per kg N applied (Figure 1.4). As a stand-alone compo-
nent, residue is the least productive system, but had the highest efficiency, while the
most productive system (corn grain plus residue) only had a slightly higher efficiency
than the average. Ethanol from grain sorghum and switchgrass had N use efficien-
cies below average for the five systems. Of these systems, sweet sorghum stood out
as having the third highest energy yield, but field trials found no significant response
to N applications over a 2 year trial period.” This response is suggested because of
a more gradual rate of nutrient uptake in sweet sorghum, and N uptake later in the
season compared with the grain crops. This is significant because it indicates that
with appropriate crop rotations, a relatively high yielding system could exist with
limited N fertilizer inputs. Sweet sorghum should be researched further in the future
to explore the lower limits of N applications for high-yield biofuel systems.

Nutrient use efficiency is just one important aspect in defining the life cycle GHG
emissions and energy efficiency of biofuel production systems. Another important con-
sideration for nutrient use and GHG emissions is changes in soil carbon.?”%%" Removing
crop residue for biofuels also removes soil phosphorus (P) and potassium (K); one met-
ric ton of corn residue harvested removes 8kg of N, 0.79kg of P, and 6.74kg of K.2 If
ethanol production from crop residue and energy crops such as switchgrass is pursued in
the future, appropriate nutrient replacement will be vital to maintain crop productivity.%
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TABLE 1.2
Nutrient Use Efficiency of Selected Cropping Systems for Ethanol
Production in Nebraska

Biomass Biofuel Nutrient Use

Nitrogen Yield, Conversion Gross Energy Efficiency,

Rate, kg/ha Mg/ha Efficiency, L/Mg Yield, GJ/ha (GJ/kg) N
Corn residue, 14.4 1.62 294 10.0 0.70

20% removal

Switchgrass 78.1 7.10 294 44.0 0.56
Grain sorghum 96.0 4.29 501 453 0.47
Sweet sorghum 0 3.54 665 49.7 —
Corn grain 144.0 8.09 501 85.4 0.59
Corn grain + 158.4 9.70 — 95.4 0.63

residue, 20%

2 Partial factor productivity. All yields are on a dry matter basis. Corn grain and residue yields*® (2004—
2006) and conversion of grain to ethanol and ethanol energy density (21.1 MIJ/L) were previously
reported.*?> Nitrogen rates for corn were previously reported?! and 20% residue removal is allocated N
applied for 10% of above ground biomass. Switchgrass yields in NE were also previously reported,™
and it is assumed that N will be applied at the recommended rate of 11kg N/Mg biomass yield.®
Conversion yield for switchgrass and residue is 70 gal/ton based on Iogen technology from a
DOE-funded facility (http://www.energy.gov/news/4827.htm). Grain sorghum yields*® (2004-2006)
and N application rates?' were for Nebraska. Sweet sorghum theoretical yield is based on field studies
and estimated from 80% juice extracted and brix reading with the Simon cv. in 2008.7° The corn plus
residue system assumes additional N rate for the 20% of N removed.
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FIGURE 1.4 Bioenergy productivity versus nutrient use efficiency: ethanol gross energy yield
(GJ/ha, black bars) and nitrogen use efficiency (GJ/kg N applied, white bars) for selected
cropping systems for ethanol production in Nebraska. Average N use efficiency (partial factor
productivity) for the five systems reporting N application is shown with a dashed line.
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1.4 LAND LIMITATIONS AND GLOBAL
AGRICULTURAL PRODUCTION

Pressure for increased agricultural production over the next 40 years will come from
three sources: world population growth, per capita income growth, and demand for bio-
fuels. Population growth alone is projected to require a one-third increase in crop pro-
duction, and increased demand for livestock products, made possible by higher incomes,
is expected to further increase the required production to approximately 50% above
current levels by 2050 (Figure 1.5a). In addition, biofuel production will result in yet
additional demands on agricultural resources. Yet, there is little potential for increasing
the critical agricultural resources necessary to provide this additional biomass, making
it crucial that more efficient production techniques be developed and adopted.
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FIGURE 1.5 Trends and projections for global population and agriculture land resources
(a) and agricultural area per capita (b). (From FAO [Food and Agriculture Organization of the
United Nations], FAOSTAT. Available at http://faostat.fao.org. Accessed November 24, 2009;
UN [United Nations], World Population Prospects: The 2008 Revision. Available at http://
esa.un.org/unpp. Accessed November 24, 2009.)
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Crops for biofuel production were grown on about 36 million hectares (Mha)
around the globe, or 2.5% of the world’s arable land in 2008.5° Comparable figures
for current biofuel area from another recent report are 41 Mha (2.8%).*® Projections
of future growth in land use for biofuel production are difficult to make, because of
uncertainty about the relative prices of food and energy and uncertainty about poli-
cies that either encourage or discourage biofuel production. The UNEP®° reports pro-
jections to 60—80Mha, or even 166 Mha, by 2020, which are equivalent to 4%—11%
of the current stock of arable land, or 1%—3% of total agricultural land.

Recent and potential increases of biofuel crops in Brazil and Indonesia are dra-
matic. Cropping area devoted to sugarcane in Brazil has increased from 7 to 9 Mha
between 2007 and 2008, now constituting about 15% of the 60 Mha of arable land in
Brazil.®® This upward trend will continue, though the government intends to limit the
expansion into sensitive ecosystems. Soybeans, also used in part for biodiesel, occu-
pied about 23 Mha in 2005, and are expected to occupy the majority of an additional
60Mha that will likely be converted from savannah to crop land. The Indonesian
government intends that the current 6 Mha of oil palm be augmented by another
18-20Mha,* with about two-thirds of this to be planted on land currently covered
by rainforests.

It is clear that world agricultural land resources will not increase much, based on
the experience of the last 10 years (Figure 1.5a). Of the approximately 5 Bha of total
agricultural land, only about 1.4 Bha, or 28%, is arable. Irrigated land has increased
only about a half a percent per year, arable land less than 0.2% per year, while total agri-
cultural land has actually declined.

Population has of course increased during this time, resulting in the very dra-
matic decreases in land per capita (Figure 1.5b). If the per capita land resource base
continues to decline along the trend of the last 50 years, a great deal of pressure will
be placed on agricultural research to achieve the kind of productivity improvement
that will be needed.

Water is another critical component of the agricultural resource base, one that
will more likely decline rather than increase with population. Irrigated land, as noted
above, has increased very little over the past decade. Aquifers are being depleted,
snowpack’s and glaciers are declining, and climate change may reduce rainfall in
many regions, while contributing to higher rainfall, and more extreme rainfall events
in other areas.® It is clear that in the case of agricultural water, efficiency will have
to increase if there is to be any chance of providing the needed production increases.

As opposed to land, global per capita consumption of fertilizer materials has
increased over the last 50 years, though irregularly (Figure 1.6a). The increased fer-
tilizer use over the past decade has helped make possible a slight per capita increase
in agricultural production over the past two decades. With this increase in usage,
worldwide average N efficiency has begun to decline, while phosphorus and potas-
sium efficiencies have stabilized after realizing improvements over the previous
2 or 3 decades (Figure 1.6b). Figures reported here are measured in terms of fertil-
izer materials rather than in fertilizer elements; therefore, any change in the mix of
materials over this period may slightly distort the trends in fertilizer elements.

It appears that quantities of land and water allocated to crop production will
not increase much in the future, whereas crop nutrients and energy inputs will be

© 2011 by Taylor and Francis Group, LLC



Energy and Climate Implications for Agricultural Nutrient Use Efficiency 13

18
16 1
14 1
o 12 1 - -
= Nitrogen materials
% 01 S |mm———- Phosphorus materials
5 —. —. —- Potassium materials
g 8
o STT T ~~
~ 6 P i —— —_ \\____///’
|l - TNl
2
0
1960 1970 1980 1990 2000 2010
(a) Year
18
16 1

Nitrogen materials
—————— Phosphorus materials
— — —- Potassium materials

N -
AN

\

kg per Mg crop production
—
o

6 /_,/‘/ e N \~—\'~\__,"/_
17~ Nes
2 r r r r
1960 1970 1980 1990 2000 2010
(b) Year

FIGURE 1.6 Global fertilizer materials consumption per capita (a) and fertilizer materials
per ton of crop production (b) derived from Refs. [22,59]. (From FAO [Food and Agriculture
Organization of the United Nations], FAOSTAT. Available at http://faostat.fao.org. Accessed
November 24, 2009; UN [United Nations], World Population Prospects: The 2008 Revision.
Available at http://esa.un.org/unpp. Accessed November 24, 2009.)

more elastic in supply. But increases in land, energy inputs, and nutrients will entail
increases in GHG emissions, making it critical that the required increase in output
be achieved with maximum possible efficiency of input use.

Land use change is a significant source of GHG emissions and a driver of climate
change, being responsible for approximately 20% of global anthropogenic GHG
emissions in the 1990s.3' These emissions result from the burning of forest and
savanna biomass when those lands are converted to cultivated crop production, and
from loss of soil carbon stocks when the land is cultivated. It is therefore likely that
climate change policies will provide further barriers to the expansion of arable land,
adding another source of urgency for improving efficiencies in crop production.*!
Similarly, the GHG emissions related to fertilizer use, mentioned above, may lead to
higher costs of nutrients or restrictions on the use of nutrients, adding incentives for
generating improved efficiencies in nutrient use.
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1.5 CONCLUSIONS

Multiple lines of evidence point to a global oil economy that is increasing unstable,
which has broad consequences for economic growth, international military activity, and
the future costs of agricultural production. Energy and climate issues are stimulating
the production of biofuels from agricultural products which has numerous implications
for nutrient use. Climate change has multiple potentially serious impacts on agriculture
as well. Growing demand for agricultural products, in conjunction with volatile weather
and more costly cropping inputs will lead to greater pressure in the future to increase
yields, while minimizing nutrient inputs. These trends will provide significant incen-
tive to heavily invest in better management of nutrient applications in the future and to
develop the science necessary to keep improving nutrient use efficiency while meeting
new demands on agricultural production from both biofuels and population growth.
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2.1 EXECUTIVE SUMMARY

To meet future food, fiber, and energy requirements, it is anticipated that agricultural
yields will need to be doubled by 2050. Meeting this goal is complicated by increas-
ing cost and availability of fertilizers, anticipated shortages in critical resources (land,
P fertilizer, and liquid fuels), and urbanization that is reducing arable lands. Doubling
food production with diminishing resources will require wide-scale investments
in production agriculture, the development of new genomics that increase energy
and production efficiency, and the adoption of precision management techniques
that increase productivity as well as resource use efficiency. This chapter provides a
framework for assessing energy efficiency and an example using the readily available
life-cycle assessment (LCA) model, biofuel energy simulator (BESS), to calculate
energy returns at two landscape positions.
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2.2 INTRODUCTION

Landscape positions influence water availability, which in turn has numerous impacts
on the soil biological processes and the ability to profitability produce a crop. For exam-
ple, Clay et al.! reported that in a poorly drained area located in a South Dakota field,
there was a net loss of 95kg N/ha, while in adjacent tile drained areas there was a net
gain of 98kg N/ha. In a different report from this same field, Clay et al.> found that
water stress reduced yields by 50%—-60% in higher summit/shoulder areas. These dif-
ferences were attributed to differential amounts of water across the landscape impact-
ing crop growth, denitrification, aerobic N mineralization, and symbiotic relationships
between yield-limiting factors.>* Precision farming can be used to develop manage-
ment practices that overcome landscape position differences. It is likely that landscape
variability also impact energy efficiency and net energy yields. Once the energy effi-
ciency is understood, management practices designed to increase gains can be imple-
mented. This chapter demonstrates how the BESS LCA model (http://www.bess.unl.
edu/) can be used to calculate energy gains at two landscape positions.

2.2.1 PrecisioN FARMING AND ENERGY EFFICIENCY

Precision farming is an integrated agricultural management system that incorporates
state-of-the-art agronomic knowledge, information from multiple sources, and the
global positioning system, geographical information system, yield monitor, variable
rate, and remote sensing technologies. Precision farming allows producers to make
management decisions about discrete areas of the field, with the goal of optimizing
the crop response based on the production potential and constraints of the specific
region. The techniques of precision farming are compatible with providing good
stewardship of the land for future generations, preserving the land’s potential for
multiple uses, and implement techniques that increase agricultural energy efficiency.
In the past, most precision farming assessments have concentrated on calculating
economic returns and have not considered net energy yields.

Many modern agricultural inputs require large amounts of input energy
(Table 2.1). Maximizing the efficiency of production inputs, through the adoption of

TABLE 2.1
Conversion Factors Used to Change Corn Production Inputs into Energy

Agricultural Energy Input

Dias De

BESS Model’ Pimentel et al.® Oliveira et al.” Shapouri et al.?

Mj/kg  BTU/Ib Mj/kg BTU/Ib Mj/kg BTU/Ib  MJ/’kg BTU/Ib
Nitrogen (N) 512 22,030 66.94 28,803 57 24,526 43.0 18,505
Phosphorus (P,05) 7.21 3,102 17.37 7,474 7.03 3,025 4.76 2,048
Potassium (K,0) 11.3 4,862 13.65 5,873 6.85 2,947 8.71 3,748
Herbicides 356 153,180 418.4 180,029 267 114,695 216 93,117
Seed 9.7 4,174 103.6 44,577 103 44,319 3.94 1,695
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TABLE 2.2

Commonly Used Energy-Conversion Factors

Unit 1 Unit 2
1J 0.239cal

1 BTU 1.055kJ

247 ac lha

2.211b 1kg

1gal 3.79L

1 U.S. bu corn 561b

1 U.S. bu wheat 601b

1 U.S. bu soybean 601b

1 U.S. gal gasoline 115,000 BTU
1 U.S. gal ethanol 76,000 BTU
During production of ethanol, 1 bu corn produces approximately 2.7-2.85 gal ethanol
During production of ethanol, 1 bu corn produces approximately 181b CO,
During production of ethanol, 1 bu corn produces approximately 181b of DDGS

precision agriculture, will allow the targeting of more resources to zones where they
are needed and a reduction of resource to areas where not required. Precision farm-
ing can be used to improve fertilizer, seeding, and irrigation rates as well as the bet-
ter targeting of insecticides and herbicides toward pests. This book focuses on using
precision farming techniques for improving energy efficiency through improved
nutrient management. Nutrients considered in this book include N, P, K, lime, water,
and carbon. Nutrients can either be applied in returned crop residues, fertilizers, or
manures. To compare findings and energy efficiency from different studies requires
the ability to convert units from one form to another, clearly identified boundary
conditions, and the ability to conduct an LCA (Table 2.2).

2.2.2  Lire-CYCLE ASSESSMENT

An LCA is acompilation of the inputs, outputs, and the potential environmental impacts
through the life cycle of the product.® In an LCA, a “cradle-to-grave” or “cradle-to-
cradle” assessment is conducted to ensure that improvements or problems do not move
up or down the supply or process chain. One common approach for conducting an
LCA is to convert all inputs and outputs to energy following ISO 14040-14043 guide-
lines. LCA can be conducted either by using existing models or by developing new
models using programs such as PRé SimaPro (http://www.pre.nl/simapro/).

The life-cycle analysis considered in this chapter is highlighted in Figure 2.1.
In this production scenario, agricultural inputs are used to produce corn, which in
turn produces ethanol and distiller’s dried grains with solubles (DDGS). In this sce-
nario, manure is not reapplied to the land (Figure 2.1).

The corn crop is produced from inputs such as fertilizers, herbicides, diesel for
tractors, combines, and planters, seeds, and pesticides. The grain is then delivered
to the ethanol plant which produces ethanol and DDGS. At the ethanol plant, corn
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FIGURE 2.1 Production system considered in the life-cycle analysis model.

starch is converted to ethanol and CO,. Currently, 1kg of corn grain produces
approximately 0.48 L of ethanol, 0.32kg of CO,, and 0.32kg of DDGS.

Different papers have used different factors to convert agricultural inputs into energy
(Table 2.1). Based on these differences, some studies have reported that corn pro-
duction consumes energy,® while others have reported that corn production produces
energy.® In addition, across the United States, different states have different energy
efficiencies.®1%! Regional variability is related to management practices and environ-
mental conditions having unique input requirements that maximize profitability.'>-20

2.3 METHODS: BASICS IN ENERGY CALCULATIONS

Two common approaches to report energy efficiency are net energy yields and the
output/input ratio.® The energy gain is the difference between output and input ener-
gies, whereas the output/input energy ratio is a unit-less value that tends to increase
with reductions in inputs. To optimize the amount of energy gained per unit area,
an optimization analysis is conducted. At the optimum value, the last unit of input
energy added equals the amount of output energy. If the ratio is used as the guide to
control management recommendations, then in many situations decisions that do not
maximize energy gains will be accepted. For example, Mamani Pati et al.'* reported
that two corn plant populations had identical output/input ratio, yet the 149,000
plants/ha had an energy gain of 65.7 GJ/(ha year) while the 74,500 plants/ha had an
energy gain of 58.9 GJ/(ha year).

When calculating energy gains, the boundary conditions must be clearly iden-
tified. Different boundary conditions can produce different results. The BESS
model version 2008.3.1 model used in this example was designed to calculate the
energy gains and efficiency, greenhouse gas (GHG) emissions, and natural resource
requirements of corn to ethanol biofuel production systems. Different scenarios are
available for different production systems. The BESS model includes four compo-
nents: crop production, ethanol biorefinery, cattle feedlot, and anaerobic biodigester
(optional). Field data obtained from Clay et al.> was used in the following example.

2.4 STEP-BY-STEP GUIDE TO CALCULATE ENERGY GAINS
Download the BESS model version 2008.3.1 at http://www.bess.unl.edu.
Step 1. Install the software by running the BESS 2008.3.1 setup.exe file and

read the directions.
Step 2. Click the BESS icon on the desktop to start the software.
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TABLE 2.3
Agricultural Energy Input for Lower and Upper Landscape Position
2001 2002
Lower Upper Lower Upper
Input Parameters Backslope  Backslope  Backslope  Backslope
Productivity Corn yield (Mg/ha) 9.60 7.22 12.55 8.47
Soil C sequestration 0 0 0 0
(Mg C/ha)
Material inputs ~ Nitrogen (kg N/ha) 179.34 179.34 151.31 151.31
Manure (kg N/ha) 0 0 0 0
Phosphorus (kg P,0s/ha) 78.24 78.24 66.24 66.24
Potassium (kg K,O/ha) 0 0 0 0
Lime (kg/ha) 0 0 0 0
Herbicides (kg/ha) 5.25 5.25 5.25 5.25
Insecticides (kg/ha) 0 0 0 0
Seed (kg/ha) 25.11 25.11 25.11 25.25
Irrigation water (cm) 0 0 0 0

Step 3. Click on start the model to begin a simulation with BESS.

Step 4. Click on open a scenario. BESS model provides eight default simula-
tion scenarios that can be used to initiate simulation. These default sce-
narios can be easily altered to adapt the user’s needs for local information.
In this analysis, select default simulation scenario 2, USA Midwest average
(based on 12 states). A window shows four subpages: crop production, etha-
nol biorefinery, cattle feedlot, and biodigestor (optional) subpages of the
input: operation settings.

Step 5. Fill in crop production data for the lower backslope in 2001. Select fuel
consumption by field operation and no-tillage (Table 2.3).

Step 6. Modify the production values in scenario 2 with landscape-specific
data from Clay et al.> These data are summarized and converted to the
appropriate units above. For this analysis, select itemized energy and GHG
co-product credit. Co-products from ethanol biorefinery provide a life-cycle
energy savings by displacing corn and urea in cattle diets.

Step 7. Click the button. Compute to run the simulation. When a run is
completed, this page shows four operational pages: (1) input: operation
settings, (2) output: individual scenarios, (3) output: scenario compari-
son, and (4) summary report.

Step 8. Click on summary report to see the output data. The summary
report shows all input parameter values and output results as shown in
Table 2.3.

Step 9. Repeat the analysis for the other landscape positions.

Step 10. Parameters included energy inputs, outputs, net energy ratio (NER),
and energy gains for create the four simulation runs. Our results are given in
Table 2.4.
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TABLE 2.4
Output Data for Life Cycle Analysis Parameters

Corn  Energy  Energy Net Net Energy
Landscape InputN, InputP, Yield, Input, Output, Energy Yield (Gain),

Year Position kg/ha kg/ha Mg/ha  GJ/ha GJ/ha Ratio GJ/ha

2001  Lower 179.3 78.2 9.60 53.8 96.8 1.8 44.4
backslope
Summit/ 179.3 78.2 7.22 43.4 73.9 1.7 31.5
shoulder

2002  Lower 151.3 66.2 12.55 65.2 124.4 1.9 61.4
backslope
Summit/ 151.3 66.2 8.47 45.3 81.6 1.8 39.2
shoulder

2.5 RESULTS AND DISCUSSION

The BESS program generates a summary report that includes simulation results,
input settings, and internal model parameters. Total energy inputs is the sum of
energy used to: (1) produce and transport N, P, and seed to the field, (2) conduct
disking and planting, (3) produce the ethanol and distillers grain, and (4) produce
the facilities and equipment (depreciable capital). Total energy output is the energy
contained in the fuel plus energy contained in the co-products and is defined as,
energy output (GJ/ha) = energy output in ethanol (GJ/ha) + energy output credit for
co-product (GJ/ha). NER is equal to the ratio between energy output and energy
input. Net energy value or energy gain is the difference between the energy output
in ethanol included credit for co-product and the energy needed to produce ethanol
(feedstock) or simply is the difference between output and input energies.

Findings from the above analysis showed that the energy gain was higher in the
lower backslope than the summit/shoulder area. These results were attributed to
higher yields in the lower backslope position. It may be possible to further increase
the energy efficiency by developing higher yielding hybrids and varieties, improv-
ing the efficiency of the ethanol plant, adopting management practices that reduce
N and P production requirements, applying only the N required to optimize the
energy gain, subtracting the amount of nutrients contained in the manure from the
fertilizer recommendations, reducing transportation requirements, and considering
landscape variability when applying agricultural inputs.!20-22

Across the midcontinent area of the United States, similar energy gains were
reported for switchgrass (Panicum virgatum) (60GJ/[ha year])*® and soybean (Glycine
max) (50GJ/[ha year]),?* whereas higher values (135GJ/[ha year]) were reported for
alfalfa (Medicago satival..).** In Nebraska, Rathke et al.?° reported that tillage and rota-
tions also influenced energy efficiency. Across years, they reported that energy input
requirements were lower in no-tillage (7.34 GJ/ha) than chisel plow (7.83GJ/ha) and
that energy inputs were lower for soybean. Lower input requirements were attributed
to soybeans having the ability to fix atmospheric N so that N fertilizer is not needed.
Rathke et al.? also reported that continuous corn (98.0 GJ/ha) had higher energy gains
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than continuous soybean (58.0 GJ/ha). It is important to point out that care must be used
when comparing studies because different boundary conditions may be used.

In the above example, manure was not applied to the land. However, signifi-
cant improvements in energy gains can be achieved through the land application
of manure. Higher gains with manure result from reduction in the amount of fertil-
izers needed to optimize yields. The ethanol manufacturing process converts the
starch in corn to ethanol, with the remaining nutrients become concentrated in the
DDGS component, resulting in approximately tripling in the nutrient concentrations,
when compared to corn grain. If the DDGS is used as a feed, then nutrients within
the DDGS are used to meet the livestock daily requirements. Livestock utilize only
10%-30% of these nutrients, excreting the remainder as manure.?> These calcula-
tions suggest that 70% of the nutrients originally contained within the grain could
be reapplied to the land in the manure. To maximize the efficiency of these manure-
based nutrients, storage and application approaches should be used that minimize
losses.?® For example, Reiman et al.?6 showed that the net impact of manure place-
ment on total N was that deep manure injection (45 cm) had 31, 59, and 44 more kilo-
grams of soil inorganic N/ha than shallow injection (15cm) 12, 18, and 30 months
after application, respectively. These results were attributed to deep injection reduc-
ing the loss of nitrate-N.

2.5.1 Wisbom ofF ETHANOL PrODUCTION

A worldwide debate concerning agricultural intensification, ethanol production, and
energy efficiency is being conducted. Many people believe that agricultural inten-
sification and ethanol production are linked and therefore by adopting policies that
promote ethanol production will (1) accelerate the deforestation of the tropical rain
forest; (2) lead to water shortages, food costs, and widespread starvation; and (3) lead
to higher commodity prices, which reduce the amount of land dedicated for sup-
porting wildlife. In addition, many people believe that ethanol production should
not be supported because it consumes more energy than it produces. The energy
efficiency of biofuel production has some basis in truth. For example, 30 years ago
the development of ethanol from corn would have required more inputs than outputs.
However, just like other industries, agriculture and the biofuel industries have made
major improvements in becoming more efficient. For example, 30 years ago most
fields were plowed, disked, and cultivated multiple times, whereas today many till-
age operations have been eliminated. In addition, many of the fertilizer inputs (N, P,
and K) are the same as 30 years ago even though yields have increased significantly.

An often used argument against ethanol production is that its production consumes
water. Keeney and Muller?” reported that each liter of ethanol produced consumes
between 3.5 and 6L of water. This water use must be compared with 19L of water
used per day by swine and 75L used per day by beef or dairy. Water consumption
must also be compared with other energy sources. For example, operating a 2400 W
(24001J/s - 3600s = 8,640,0001J) fan heater for 1h consumes 0.01 L of water if wind
is the energy source, 0.26 L if solar is the energy source, 4.5L if coal is the energy
source, or 5.5 L if nuclear power is the energy source.?® If ethanol is the energy source then
approximately 2.04 L of water (8,640,0007J - [1 BTU/1,055J] - [gal ethanol/76,000] -
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[5 gal water/gal ethanol] - [3.79L/gal]) is consumed in the direct production of ethanol.
It should also be noted that some places in the world are short of water and other
places have surpluses. In places with large surpluses, water utilization is a nonissue.

The primary benefits of biofuel production have been income for producers, jobs
for rural communities, decreases in gasoline prices, and reduction in the use of fossil
fuels. Building an ethanol plant provides a one-time boost to the local community
and salaries for employees. The economic opportunities created by an ethanol plant
can be substantial.? Sneller and Durantee’® reported that at Plainview, Nebraska,
the development of a 25 Mgal ethanol plant resulted in the creation of 33 new jobs,
$30 million being paid to local farmers, and $128,772 paid in property taxes. This
income is needed to help reverse the trend of declining rural populations.3°-3* For
example, recent population increases in Groton, South Dakota, were attributed to
the James Valley Ethanol plant.’® At the local level, higher commodity prices help
increase profitability. For example, in Towa in 2008, Duffy3 estimated that produc-
tion costs for corn following corn was $604/ac, which was an increase of 18% from
2007. The break even point for this system was $4.17/bu, and therefore returning to
corn selling for less than $2.00/bu would likely bankrupt many producers.

At the regional level, ethanol production improves regional infrastructure, such as
rail transport of biomass from farms to processing plants, and increases tax revenues
shared by local, regional, and national governments. At the national and interna-
tional levels, ethanol production in 2004: (1) added $14 billion to the nation’s gross
domestic product,’ (2) helped create 147,206 jobs in all sectors of the economy,!
(3) resulted in $2.5 billion of tax revenue that was distributed to federal, state, and
local governments,?! and (4) provided wealth needed for genetic improvements. In
addition ethanol production reduces the price for gasoline from between 29 and 40
cents/gal.>

Mass balance dictates that if grain is diverted to produce ethanol, then less is avail-
able for food. However, only a portion of the grain used to produce ethanol is diverted
from the food chain. End products of the distillation process are almost equally dis-
tributed between ethanol (2.8 gal/bu), CO,, and DDGS. When the ethanol processing
is complete, approximately one-third of the grain is exported as the livestock feed
additive, DDGS, which has greater protein and nutrient content than raw corn.

The bottom line is that no matter what your feelings are about ethanol production,
most agronomists and environmentalist agree that agricultural production and energy
efficiency must increase. Due to a growing world population and a shrinking natural
resource base (oil, arable land, and mined fertilizer), meeting food, fiber, and energy
needs will become increasingly difficult. Pimentel and Giampietro® estimated that
for each new person added, approximately 1 ac of farm land is lost to urbanization
and highway construction. By 2050, an increasing world population could reduce the
per capita arable farmland from 1.8 ac in 1994 to 0.6 ac. In addition, the production
of NH;-based fertilizer requires energy (natural gas), and both oil and phosphate rock
are nonrenewable resources. It is estimated that peak P production will be reached
between 2020 and 2040,%” while oil production is expected to peak between 2010 and
2020. Phosphorus is especially critical because it is a required element in food produc-
tion and cannot be synthesized. Global warming further complicates the system and
will likely result in a further need to increase energy efficiency. Meeting demands from
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a growing world population will require infrastructure improvements and investments
in production agriculture that will increase energy efficiency.

2.6 SUMMARY

The example showed that energy gains were 30%—40% lower in corn grown in the
summit/shoulder position than the lower backslope positions. Lower energy gains
in summit/shoulder positions were attributed to lower yields and fertilizer inputs
that were uniformly distributed across the landscape. Although not tested, it is
likely that precision farming could be used to increase the energy gains and fertilizer
efficiency in summit/shoulder areas.

2.7 SELECTED MODELS AVAILABLE FOR LIFE-CYCLE ANALYSIS

There are numerous life-cycle models that have been used to assess agricultural
activities. This chapter used the BESS model version 2008.3.1. This model was
designed to calculate the energy efficiency, GHG emissions, and natural resource
requirements of corn to ethanol biofuel production systems. The BESS model
includes four components: crop production, ethanol biorefinery, cattle feedlot, and
anaerobic biodigester (optional). The BESS model is available to the public for down-
load at http:/www.bess.unl.edu. One of the most widely used model is the GREET
model (greenhouse gases regulated emissions and energy use in transportation). This
model has the capacity to evaluate and compare the environmental impacts of a
wide range of renewable and conventional transportation fuels and motor vehicle
fleets. The model includes detailed information on corn farming and chemical man-
ufacturing. The model and its documents are posted at http://www.transportation.
anl.gov/modeling_simulation/GREET/. A third model is the Erg Biofuels Analysis
Meta-Model (EBAMM) structured to provide a relatively simple, transparent tool
that can be used to compare biofuel production processes. More information about
this model is available at http://racl.berkeley.edu/ebamm/.
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