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University of Nebraska Software Evaluation License Agreement
ATTENTION Read carefully before installing or otherwise using the Software.
Introduction
The University of Nebraska-Lincoln (“UNL”) has developed certain software known as the Biofuel
Energy Systems Simulator, or “BESS” model (the “Software”), which has been designed to
provide information that contributes to a better understanding of the energy efficiency and net
greenhouse gas emissions in the life cycle of corn-ethanol production, which includes the corn
production, biorefining into ethanol, and co-product use in cattle feeding and energy generation.
Although the Software has been developed based upon the most up-to-date information
available, no claim is made that results of the Software are accurate or realistic under all
circumstances. Therefore, its results should be considered as only one source of information that
can be used to gain understanding and to guide decisions about production, operations and use
of primary as well as co-products in the cycle of corn, ethanol and cattle.
A license to use the non-commercial version of the BESS Software is available free of charge
upon completion and submission of the online registration form set forth below. You will have the
opportunity to obtain a license to use the commercial version of the Software at any time by
contacting the University of Nebraska Office of Technology Development at the e-mail address
identified below.
Non-commercial use includes teaching, academic and government research, public
demonstrations, personal experimentation, and the evaluation of the Software other than in a live
operating environment to determine whether to enter into a commercial software license.
Commercial use of the BESS Software REQUIRES A COMMERCIAL LICENSE. Commercial use
includes: (1) using the Software to identify, evaluate or monitor production activity or business
operations except for a limited time for the purpose of evaluating whether to enter into a
commercial license agreement: (2) licensing, leasing or selling access to the use of the Software;
(3) distributing or using the Software to create or use information, reports or products or in
performing work or providing professional services for which Licensee is compensated; (4)
integration of all or part of the Software into a product for sale, lease or license by or on behalf of
Licensee to third parties; (5) distribution of the Software to third parties that need it to
commercialize a product or service sold or licensed by or on behalf of Licensee; (6) use by a
governmental agency for other than research purposes; or (7) any other activity having a purpose
or effect of creating a commercial gain to Licensee or others. The University of Nebraska will
negotiate Commercial Licenses upon request. These requests can be directed to "Licensing
Professional" at unlotd@unlnotes.unl.edu.
UNL reserves the right to modify the terms
“commercial use” and “non-commercial use” at any time without prior notice in its sole discretion.
Registration
Individuals may register in their own name or with their institutional or corporate affiliations.
Registration information must include name, title, and e-mail of a person with signature authority
to authorize and commit the individuals, academic or research institution, or corporation as
necessary to the terms and conditions of the license agreement.
All parts of the information must be understood and agreed to as part of completing the form.
Completion of the form is required before access to the Software is granted. Pay particular
attention to the authorized requester requirements above, and be sure that the form submission is
authorized by the duly responsible person.
Registration will be administered by the BESS development team.
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Non-Commercial use of the Software is subject to the BESS Non-Commercial Version Software
License Agreement (the "License Agreement") set forth below between you (the “Licensee”), and
UNL.
Click on the "I AGREE" box below to indicate your acceptance of these terms. If you do not
accept these terms fully, you may not install or otherwise use the Software.
BESS NON-COMMERCIAL VERSION SOFTWARE LICENSE AGREEMENT
1. The University of Nebraska-Lincoln (“UNL”) hereby grants to you, the Licensee, a license to
use one copy of the Biofuel Energy Systems Simulator, or “BESS” model Software and related
online User Guide (together, the "Software Products") developed at UNL for Non-Commercial
use. Non-commercial use includes teaching, academic and government research, public
demonstrations, personal experimentation, and the evaluation of the Software Products other
than in a live operating environment to determine whether to enter into a commercial software
license. Commercial use of the BESS Software REQUIRES A COMMERCIAL LICENSE.
Commercial use includes: (1) using the Software to identify, evaluate or monitor production
activity or business operations except for a limited time for the purpose of evaluating whether to
enter into a commercial license agreement: (2) licensing, leasing or selling access to the use of
the Software; (3) distributing or using the Software to create or use information, reports or
products or in performing work or providing professional services for which Licensee is
compensated; (4) integration of all or part of the Software into a product for sale, lease or license
by or on behalf of Licensee to third parties; (5) distribution of the Software to third parties that
need it to commercialize a product or service sold or licensed by or on behalf of Licensee; (6) use
by a governmental agency for other than research purposes; or (7) any other activity having a
purpose or effect of creating a commercial gain to Licensee or others. UNL reserves the right to
modify the terms “commercial use” and “non-commercial use” in its sole discretion. "Use" means
storing, loading, executing or displaying the Software.
2. The Software Products available pursuant to this Agreement are research tools of UNL and are
being supplied AS IS without any obligation on the part of UNL to provide any maintenance,
support, updates or error corrections; and are potentially incomplete, and/or, may contain bugs or
errors. Licensee agrees to promptly report to UNL any bugs or problems encountered with the
Software Products, and to provide to UNL in writing any suggestions Licensee may have on how
to enhance or improve the Software Products or make them more useable for Licensee's
environment. All suggestions supplied by Licensee that relate to the Software Products shall be
deemed to be the property of UNL.
3. Licensee acknowledges that the Software Products are proprietary to, and valuable trade
secrets of UNL, and are entrusted to Licensee only for the purposes set forth in this License
Agreement. You may not copy, modify, merge, sell, network, rent, lease, assign, or transfer in
any manner, or create derivative works based upon the Software in whole or in part, or remove or
destroy any copyright notices or other proprietary markings contained in the Software Products.
Licensee agrees to use the Software at a single computer site. A separate license is required for
each site at which the Software will be used.
4. This Agreement is effective as of the time that you first accept or install or otherwise use the
Software Products download and shall terminate one-year after the first of such acceptance,
installation, or other use of the Software Products. You may terminate it at any earlier time by
destroying all copies of the Software Products and all of their component parts. It will also
terminate immediately without notice if you fail to comply with any term or condition of this
Agreement or upon written notice of UNL. Upon any such termination you agree to destroy all
copies of the Software Products and all of their component parts.
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5. Licensee agrees not to cause or permit the modification, reverse engineering, disassembly,
decompilation, or translation of the Software or otherwise reduce the Software to a humanperceivable form or attempt to reconstruct or discover the source code from the binaries of the
Software. Licensee agrees that it shall not publish, or permit the publication of, the results of any
benchmark tests or other comparative or analytical material which refer to the Software Products
as used by Licensee, without UNL's prior written permission. Licensee is prohibited from
redistributing any portion of the Software Products, including the documentation in any form of
printed or electronic communication including but limited to magnetic media, Internet
communication or bulletin boards.
6. The Software Products contain copyrighted material, trade secrets and other valuable
proprietary material. The Software Products and their documentation are owned by UNL and are
protected by the laws of the United States and by laws of other nations, and by international
treaties. Your license confers no title or ownership in the Software Products and is not a sale of
any rights in the Software Products. All worldwide ownership of and all right, title and interests in
and to the Software Products, and all copies and portions of the Software Products, including
without limitation, all intellectual property rights therein and thereto, are and will remain
exclusively with UNL. Licensee agrees to use Licensee’s reasonable best efforts to protect the
contents of the Software and to prevent unauthorized use by its agents, officers, employees, and
consultants. If Licensee receives a request to furnish all or any portion of the Software Products
to a third party, Licensee will not fulfill such a request but will refer the third party to UNL so that
the third party's use of the Software will be subject to the terms and conditions of this License. In
addition, Licensee may have access to information that is confidential to UNL (“Confidential
Information”). Confidential Information shall include the Software Products and all information
marked as confidential. Licensee agrees, both during the term of this Agreement and for a period
of five (5) years after termination of the Agreement, to hold Confidential Information in confidence.
7. YOU EXPRESSLY ACKNOWLEDGE AND AGREE THAT USE OF THE SOFTWARE IS AT
YOUR SOLE RISK. THE SOFTWARE AND RELATED DOCUMENTATION ARE PROVIDED "AS
IS" AND WITHOUT WARRANTY OF ANY KIND AND UNL EXPRESSLY DISCLAIMS ALL
WARRANTIES, EXPRESS OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED
WARRANTIES OF MERCHANTABILITY, SATISFACTORY QUALITY, FITNESS FOR A
PARTICULAR PURPOSE, OR THAT THE SOFTWARE WILL NOT INFRINGE ANY PATENT
OR OTHER PROPRIETARY RIGHT. UNL DOES NOT WARRANT THAT THE FUNCTIONS
CONTAINED IN THE SOFTWARE WILL MEET YOUR REQUIREMENTS, OR THAT THE
OPERATION OF THE SOFTWARE WILL BE UNINTERRUPTED OR ERROR-FREE, OR THAT
DEFECTS IN THE SOFTWARE WILL BE CORRECTED. FURTHERMORE, UNL DOES NOT
WARRANT OR MAKE ANY REPRESENTATIONS REGARDING THE USE OR THE RESULTS
OF THE USE OF THE SOFTWARE OR RELATED DOCUMENTATION IN TERMS OF THEIR
CORRECTNESS, ACCURACY, RELIABILITY, OR OTHERWISE. NO ORAL OR WRITTEN
INFORMATION OR ADVICE GIVEN BY A UNL AUTHORIZED REPRESENTATIVE SHALL
CREATE A WARRANTY OR IN ANY WAY INCREASE THE SCOPE OF THIS WARRANTY.
SHOULD THE SOFTWARE PROVE DEFECTIVE, YOU (AND NOT UNL OR A UNL
AUTHORIZED REPRESENTATIVE) ASSUME THE ENTIRE COST OF ALL NECESSARY
SERVICING, REPAIR OR CORRECTION.
8. UNDER NO CIRCUMSTANCES INCLUDING NEGLIGENCE, SHALL UNL BE LIABLE FOR
ANY INCIDENTAL, SPECIAL OR CONSEQUENTIAL DAMAGES (INCLUDING LOST PROFIT
OR DATA) OR OTHER DAMAGES, EITHER IN CONTRACT OR TORT, ARISING OUT OF OR
CONNECTED WITH THIS AGREEMENT OR THAT RESULTS FROM THE USE OR INABILITY
TO USE THE SOFTWARE OR RELATED DOCUMENTATION, EVEN IF UNL OR A UNL
AUTHORIZED REPRESENTATIVE HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. IN NO EVENT SHALL UNL'S TOTAL LIABILITY TO YOU FOR ALL DAMAGES,
LOSSES, AND CAUSES OF ACTION (WHETHER IN CONTRACT, TORT (INCLUDING
NEGLIGENCE) OR OTHERWISE) EXCEED THE AMOUNT PAID BY YOU FOR THE
SOFTWARE AND DOCUMENTATION.
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9. Upon UNL's reasonable belief that any term of this Agreement has been violated, Licensee
agrees to allow an independent third party selected by UNL to inspect Licensee's site, books and
records to determine whether Licensee has complied with the terms of this License Agreement.
Such inspection will occur at mutually agreeable times during normal business hours. The third
party will be instructed to keep all information learned strictly confidential except as it relates to
breaches of this agreement.
10. If Licensee is any unit or agency of the United States Government, or this license is pursuant
to a contract with any such unit or agency, Licensee agrees that the Software Products and their
documentation are 'Commercial Computer Software' as defined under DFARS and that the U.S.
Government will receive only “restricted rights” to the Software Products. You have only those
rights provided for such Software and any accompanying documentation by the applicable FAR
or DFARS clause or the standard UNL Software License Agreement for the product involved.
11. You agree and certify that neither the Software Products nor any other technical data
received from UNL, nor the direct product thereof, will be exported outside the United States
except as authorized and as permitted by the laws and regulations of the United States. If the
Software Products have been rightfully obtained by you outside of the United States, you agree
that you will not re-export the Software Products nor any other technical data received from UNL,
nor the direct product thereof, except as permitted by the laws and regulations of the United
States and the laws and regulations of the jurisdiction in which you obtained the Software
Products.
12. Licensee agrees to indemnify UNL and its Regents, officers, employees, and agents, against
all damages, costs, expenses, including attorney's fees, arising from use of the Software
Products by Licensee, including, but not limited to, the creation, use, making or processing of
information, products, or services derived therefrom. This indemnification includes, but is not
limited to, product liability.
13. The rights and obligations of the party's under this Agreement shall be governed and
construed, without reference to conflict of laws principles, by the laws of the State of Nebraska. If
any of the provisions of this Agreement should be, or become invalid, this shall not affect the
validity of the remaining provisions. The section in question shall be deemed to be deleted from
the License Agreement and the balance of the License Agreement shall remain in full force and
effect. The License granted to Licensee hereunder may not be assigned or transferred to any
other person or entity without the express consent of UNL. Any attempt to assign this Agreement
without such consent will be null and void. No delay or failure by either party to exercise or
enforce at any time any right or provision hereof shall be considered a waiver thereof or of such
party's right thereafter to exercise or enforce each and every right and provision of this
agreement. This License constitutes the entire agreement between the parties with respect to the
use of the Software Products, and supersedes all prior or contemporaneous understandings or
agreements, written or oral, regarding such subject matter.
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About the BESS Model
The BESS model is a software tool to calculate the energy efficiency, greenhouse gas
(GHG) emissions, and natural resource requirements of corn–to-ethanol biofuel
production systems. The model provides a “cradle-to-grave” analysis of the production
life cycle of biofuels from the creation of material inputs to finished products, producing
an inventory of distributed GHG emissions from fossil fuels and a few key indirect
emissions in the production life cycle. The model parameters can be set by the user to
achieve the highest accuracy in evaluating a single corn-ethanol biorefinery and its
surrounding feedstock crop production zone. The model equations and summary reports
are unalterable, providing the characteristics needed to serve as certification software to
evaluate the environmental impact of biofuels for industry advancement.
We anticipate users of the BESS model will include policy makers, regulatory agencies,
researchers, secondary and university teachers, media groups, non-governmental
organizations, and industry professionals concerned with optimizing economic and
environmental performance of biofuel production systems.
Specific uses include:
(a) As a certification tool for evaluation of the environmental impact of local biofuel
production systems. Systems can be compared against standard reference scenarios,
identifying all parameters changed and differences in output results.
(b) Estimating net energy yield, efficiency, petroleum requirements, and net carbon
and GHG emissions of an individual biofuel production system (e.g. a single biorefinery)
in a specified agricultural production domain that provides the majority of the feedstock;
estimation of the required feedstock production area, fertilizer and pesticide inputs, and
water requirements (for irrigation and the ethanol plant) based on user input of the crop
production parameters or default parameters based on current average values and
typical biorefinery design.
(c) Sensitivity analyses of model parameters on biofuel system performance and
environmental impact using different combinations of cropping systems, production
technologies, and co-product utilization schemes.
(d) Conducting ex ante analyses of the impact of policies and new technologies on
biofuel system performance and environmental impact (e.g. life cycle energy efficiencies
and GHG emissions of the closed-loop system vs. traditional technologies; coal vs.
natural gas as the energy source for a biorefinery, etc.)
(e) Regional, state, or national analyses of biofuel production systems.
(f) Land-use planning for site selection of new biorefineries given crop yield levels,
water quantity concerns, and demand from other production facilities and livestock
operations within a specified area for co-product use.
(g) Estimation of GHG-emissions intensity of fuel for regulators (e.g. California Low
Carbon Fuel Standard, Energy Independence and Security Act of 2007), or for
calculating GHG emissions trading credits for ethanol biorefineries.
(h) Educational and research tool for exploring corn-ethanol as an energy system
and its associated natural resource requirements.
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BESS Model Diagram
Simulation initiation

User input settings
• Crop yield, inputs, management
• Ethanol biorefinery capacity &
efficiencies
• Cattle feedlot performance
(optional)
• Methane biodigester
performance (optional)
• Default scenarios are provided,
but can be customized for a
specific biorefinery

Model engine
(model functions)

Output: individual scenarios
Life-cycle budgets for: material inputs
(land, water, N fertilizer, energy),
energy balance and net energy yield,
GHG emissions, biofuel carbon
intensity and carbon-offset credits;
numerical results and graphic plots
display values for complete life-cycle or
for the crop, biorefinery, and feedlot
components.
Output: scenarios comparison
Using graphic plots for up to six runs on
material inputs, energy balance, GHG
emissions, and carbon-credits

Internal parameters
Transparent and modifiable;
applicable to a wide range of userspecified conditions.

Auxiliaries
• User’s Guide (pdf file) including simulation instructions,
model mathematical functions and documentation of
underpinning science, and scientific references for all
input parameters used in default scenarios
• Context-sensitive online help
• Introductory slide show
• Link to dedicated model website

Summary report
• Numerical results of customized
scenarios and comparison to a user
selected reference scenario
• User input settings
• Internal parameters with highlight on
user modified values
• Inventory of GHG emissions in biofuel
production life-cycle
• Entire report can be printed or
uploaded and saved directly to an
Excel spreadsheet.

www.bess.unl.edu

For further information and model updates please visit: www.bess.unl.edu; for comments
or suggestions, please contact:
Dr. Adam J. Liska,
Dr. Haishun Yang,
Virgil R. Bremer, M.S.,
Prof. Kenneth G. Cassman

aliska2@unl.edu
hyang2@unl.edu
vbremer2@unl.edu
kcassman1@unl.edu

402 472 8744
402 472 1566
402 472 5196
402 472 5554

Department of Agronomy & Horticulture, University of Nebraska - Lincoln
P.O. Box 830915, Lincoln, NE 68583, USA
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What’s new in BESS 2008.3.1, released January 13, 2009:
•

Two additional ethanol plants are included in the UNL survey of biorefineries built
since 2005 (from 6 to 8 facilities in total)
• Eight internal parameters were slightly modified in accordance with the peer review
and publication of BESS results: 2 energy intensity parameters for Nitrogen and
Urea, and 6 emission factors for Nitrogen, LPG, Natural Gas, Urea, were updated
in accordance with updates to the 2006 IPCC Guidelines for National Greenhouse
Gas Inventories, and the use of Snyder, C.S., T.W. Bruulsema, and T.L. Jensen.
2007. Greenhouse gas emissions from cropping systems and the influence of
fertilizer management—a literature review. International Plant Nutrition Institute,
Norcross, Georgia, U.S.A.
• BESS 2008.3.1 model function and results were vigorously peer-reviewed and were
published on-line in January 2009 in the Journal of Industrial Ecology, the
industry’s leading forum for life cycle assessment studies

What was new in BESS 2008.3.0, released March 26, 2008:
• NEW industry statistics provide values for key parameters for the simulation
scenarios. Statistics include natural gas efficiency at biorefinery, electricity use,
corn-to-ethanol yield, and distiller’s grains production rates. Statistics are from four
surveys: (i) a new survey by the Renewable Fuels Association (RFA), (ii) a
University of Nebraska survey of new plants across the US Corn Belt, (iii) State of
Nebraska Department of Environmental Quality regulatory statistics, and (iv) State
of Iowa Department of Natural Resources regulatory statistics. Eight default
simulation scenarios are updated in the model (two US averages are based on
different statistics). See details on page 27.
• NEW GHG emissions metrics (gCO2eq MJ-1, global warming intensities) on per unit of
ethanol energy are calculated for the life cycle emissions sources, which is useful
for comparison with the GREET model and to be consistent with the development
of the Low Carbon Fuel Standard in California. A GHG emissions inventory in the
summary report shows all components in the life cycle that contribute to total
emissions, in intensities (g CO2eq MJ-1), amounts (Mg CO2eq), and percentages of
life cycle GHG emissions.
• Nitrous oxide (N2O) emissions now include nine parameters from the IPCC for direct
emissions from synthetic nitrogen (N), manure N, crop residue N, and indirect N2O
emissions from volatilization and leaching/runoff. Cumulative emissions of N2O
equal ~1.8% of applied synthetic N. (see section 3.4.3) The altered calculation
provides a broader accounting of N2O emissions. Manure N inputs are now
included for crop production. Nitrogen from manure contributes to the total N added
to the cropping system, and provides nutrients for states with low synthetic N
application rates.
• Co-product credit can now be calculated based on proportions of distiller’s grains that
are produced wet, modified, and dry. Many ethanol plants produce multiple types
of distiller’s grains annually, and this function will enable more accurate calculation
of co-product credits for individual biorefineries. More accurate feeding efficiency
values for co-products are based on Klopfenstein et al., Journal of Animal Science,
in press.
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• N credit in a closed-loop system is modified. Previous version reduced crop

•
•
•
•
•

application of N fertilizer; only production energy is reduced now. The default
energy use in a closed-loop refinery has been altered with respect to industry
statistics.
Scenario #1, “US average” (based on 15 states), is now “US Midwest average” (12
states), to represent the Corn Belt where 88% of corn was produced in 2005.
Emission factors for electricity have been updated to include GHG emissions in
addition to CO2 emissions based on a new EPA report.
Indication of whether default internal parameter values or user-modified values are
used for a simulation. In the new version, this is indicated explicitly by a note in the
status bar at bottom of the screen.
Easy browsing of the summary report. Users can now opt to jump to any of the four
sections in the report: top of report, emissions inventory, input settings, and internal
parameters.
A pop-up menu is added to facilitate saving or printing graphs or the summary report.
The pop-up menu is invoked by right clicking the mouse inside a graph or the
summary report.

Abbreviations
AD
CO2eq
DDG
DDGS
DG
DM
FF
GHG
GWP
ha
HHV
J
L
LC
LCA
LHV
LPG
kg
Mg
MJ
NER
NEV
NEY
TJ
TS
VS
WDG
WDGS

anaerobic digestion
carbon dioxide (CO2) equivalent in GWP
dry distiller’s grains without solubles
dry distiller’s grains with solubles
distiller’s grains
dry matter
fossil fuel
greenhouse gas
global warming potential
hectare (=2.47 acres)
higher heating value
joule (=1055.06 BTU)
liter (=0.2642 gallon)
life cycle
life cycle assessment
lower heating value
liquefied petroleum gas
kilogram (=2.2046 pounds)
megagram (metric ton, =1.1023 short tons), kg x 103
megajoule, J x 106
net energy ratio
net energy value
net energy yield
terajoule, J x 1012
total solubles
volatile solubles
wet distiller’s grains without solubles
wet distiller’s grains with solubles
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1. BESS: Goals and Background
1.1 BESS function
The BESS model analyzes the production process of corn-ethanol biofuel and coproducts at the ethanol biorefinery and the associated crop production region for the
facility’s feedstock. The BESS model consists of four components: (1) crop production,
(2) ethanol biorefinery, (3) cattle feedlot, and (4) anaerobic digestion (optional). BESS
has three types of analysis to estimate system performance: (1) energy analysis, (2)
GHG emissions analysis, (3) natural resource requirements. It has a user friendly
graphic interface for ease of use. The model is highly transparent and the values of all
important parameters can be changed for accurate local analysis (Metric units only in the
current version, and only Metric units will likely be used in the future). All parameters
include default values with supporting references. The BESS software runs on
computers with Microsoft Windows 2000 (or more recent version).

1.2 Life cycle assessment (LCA)
BESS was developed according to the principles of life cycle assessment. A life cycle
assessment is a “compilation and evaluation of the inputs, outputs, and the potential
environmental impacts of a product system throughout its lifecycle”.1 A LCA quantifies all
inputs and outputs of an industrial process of any type (e.g. chemical refineries,
manufacturing, crop production, livestock production, etc.). The assessment is a holistic
“cradle-to-grave” analysis that quantifies the environmental impact of a process that
follows the manufacture of a specific product or products. LCAs can be applied in the
form of science-based international standards (voluntary, market-driven) developed by
the International Organization for Standardization (ISO; www.iso.org/), an NGO that
organizes 156 national standards institutes. The ISO standards specifically for LCA are
found in the 14040 series standards.2-5 Businesses can be certified in accordance with
ISO standards in order to show that their processes and products do not excessively
harm the environment and operate at an acceptable level of efficiency. The analysis also
provides decision support information for identifying options for increasing the efficiency
of a process or reducing its environmental burden.
The process of LCA has been developed since the early 1990’s primarily by the
following groups: International Organization for Standardization (ISO), United Nations
Environmental Program, US Environmental Protection Agency, and the Society of
Environmental Toxicology and Chemistry.5,6 LCA is already recognized as a seminal tool
for assessing the environmental sustainability of biofuel systems.6

1.3 Net energy metrics
Renewable energy is produced from regenerative, non-depletable resources such as
solar energy. Biofuels are derived from solar energy captured by plant photosynthesis.
Considerable attention has been given to quantifying the net renewable energy output
over the life cycle of biofuel systems that use different conversion technologies and
feedstock crops. The net renewable energy output is defined as the gross energy output
of a biofuel production system minus the non-renewable fossil energy inputs used in
producing the feedstock and its conversion to biofuel and co-products. In contrast, gross
energy output is simply the heating value of the fuel produced plus an energy credit for
useful co-product outputs.
Net energy output can be quantified by at least three metrics: (i) Net Energy
Ratio (NER) is the energy output divided by the energy input and is dimensionless; (ii)
Net Energy Value (NEV) is the energy output minus the energy input, in megajoules per
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liter (MJ L-1); (iii) Net Energy Yield (NEY) is the energy output minus the energy input on
a crop feedstock production area basis, usually with units of gigajoules per hectare (GJ
ha-1). All three measures evaluate the energy inputs and outputs for the entire biofuel
system, including crop production, biofuel conversion, and co-product processing. While
NER and NEV typically receive most attention because they represent a rough surrogate
for GHG emissions efficiency, land use efficiency, and petroleum consumption7,8, they
are intensity factors that do not represent the energy productivity of a system because
highly efficient systems can have relatively small renewable energy output. For example,
soybean-biodiesel has higher NER and NEV than corn-ethanol but 23% lower NEY,
according to one study.9 In contrast to NER and NEV, NEY combines efficiency and
productivity into one value and is therefore a more suitable metric for comparisons of
different systems10, especially if the objective is to reduce dependence on imported
petroleum with a limited land base.
Heating values for energy inputs and outputs must be used consistently for
accurate energy analysis and comparisons among different studies. The amount of heat
released in burning one unit of fuel is called heating value or caloric value. The
difference between gross heat of combustion, or Higher Heating Value (HHV), and the
net heat of combustion, or Lower Heating Value (LHV), is the latent heat of vaporization
of the water produced in the reaction. If during combustion, the water produced is
considered a liquid and the heat is in a useable form, HHV is used. When water is
considered a vapor in the reaction (as in most internal combustion transportation
engines), LHV is used. Most energy studies use LHV exclusively for all fossil fuels used
and fuel products produced when biofuel is used as a transportation fuel (BESS uses
LHVs).

1.4 Previous studies of the net energy of corn-ethanol
Recent life cycle energy studies have analyzed the energy efficiency of corn-ethanol
production with conflicting results. Some estimate that corn-ethanol requires more
energy input than is gained from the ethanol and co-products, which has led some
authors to conclude that corn-ethanol is inefficient and should not be subsidized as a
transportation fuel.11,12 Other studies report net energy surplus. The life cycle energy
analysis of corn-ethanol considers the energy used for feedstock production and
harvesting, including fossil fuels (primarily diesel) for field operations and electricity for
grain drying and irrigation. Crop production energy expenditure also includes upstream
costs for the production of fertilizer, pesticides, seed, and the depreciable cost of farm
machinery. Energy use in ethanol production includes transportation of grain to the
biorefinery, conversion to biofuel, and co-product processing. Energy used for
production of materials and construction of the biorefinery facility should also be included
and are prorated over the life of the facility.13
Farrell et al. (2006) recently attempted to reconcile the divergent results of
previous studies with an analysis of six prominent studies on the subject.7,11,12,14-17 The
authors applied a standard framework that equalized system boundaries, input energy
parameter values and conversion efficiencies across the six studies and estimated that
corn-ethanol had a small, but positive, NER of 1.2 (Fig. 1). A later study using a similar
protocol found that corn-ethanol had an NER of 1.25.9
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Figure 1. The net energy value vs. net GHG emissions of corn-ethanol
determined by the EBAMM model.7

Source: Figure published in the journal Science, 2006.
A common feature of corn-ethanol life cycle energy studies is that they evaluate
the efficiency of the entire U.S. industry, which requires use of average crop and
biorefinery performance parameters. For example, the most prominent recent studies
used Corn Belt averages for corn yields and production input rates based on state
averages prorated by corn production totals in each state.17 Some studies have used the
average performance for dry mills or wet mills exclusively, while others have used an
arithmetic average efficiency based on both mill types from a 2001 survey by BBI
International. However, according to this survey, wet mills used ~11% more thermal
energy than dry mills, which is a significant portion of life cycle energy use. Hence, the
resulting efficiency of the system depends on which mill type is used in the calculation.
In addition, most previous studies have used a mixture of energy inputs for the
biorefinery (coal and natural gas) and the average energy use for co-product processing.
There are also different methods for determining co-product credits. Kim and
Dale (2002) use an “allocation” procedure to distribute the environmental burdens of the
production process to various co-products.18 An alternative approach used more widely
for co-product crediting is the “displacement” method which assumes that co-products
from corn-ethanol production substitute for other products that require energy for their
production. For corn-ethanol, distiller’s grains co-product represents the unfermentable
components in corn grain, which include protein, oil, bran, and lignocellulosic seed coat
material. As such, distiller’s grains represent a nutritious animal feed, especially for
ruminants such as cattle, and can substitute for soybean meal in livestock diets.
Therefore, most life cycle energy analyses give a displacement energy credit for this coproduct.7,16
The aggregate approach taken in the aforementioned studies does not evaluate
the performance of individual ethanol biorefineries and their corn feedstock supply
system, nor do they determine the efficiency of more advanced systems that account for
trajectories in crop yields and production efficiencies, or the improved design and
technologies of recently built ethanol biorefineries. Instead, these studies provide a
“backward-looking” perspective to estimate the energy efficiency of the corn-ethanol
industry—relying typically on data that cover a time period 2-10 years prior to the study.

1.5 BESS model approach
BESS performs an analysis of individual systems to assess the performance of current
technology and production practices for specific systems. Such local analysis can be
important for determining environmental impacts to meet emerging regulatory
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requirements. BESS also allows for a “forward-looking” assessment to evaluate
expected improvements in biofuel production systems. It can perform sensitivity
analyses that identify technology options with the greatest potential impact on energy
yield and efficiency, and GHG emissions reductions. Such forward-looking analyses can
help guide the design of future biofuel systems and identify research priorities for the
greatest potential impact on increasing the environmental benefits and petroleum
replacement of these systems.
By focusing on a single ethanol biorefinery, the BESS model can analyze the
corn-ethanol biofuel production life cycle more accurately than assessments using largescale aggregated averages. Focused assessments can represent a biorefineries’
specific technology and efficiency of energy and resource use. The life cycle productivity
and efficiency of corn-ethanol systems is also highly dependent on the productivity and
efficiency of the regional cropping system. An analysis of local cropping systems is
important, because biorefineries receive a majority of feedstock from local sources, and
this trend will also likely continue in the future due to rising commodity prices. Cropping
system productivity and efficiency also have significant variability depending upon
irrigation practices and location (see next section). Biorefinery co-products are also
significant commodities that need assessment in the production life cycle, as they are
energy rich dietary resources for cattle producers. The BESS model can be used to
determine the combined impact of differences in biorefinery efficiency, cropping system
performance, and co-product use on a number of metrics which describe biofuel system
performance.

1.6 Variability in corn-ethanol systems performance
Innovations occur at the level of individual biorefineries and feedstock production
systems, which are not detectable within industry averages. For example, a recent study
of the industry used a value of 13.9 MJ L-1 for the energy requirements of an average
U.S. corn-ethanol biorefineries, which accounted for 71% of life cycle energy input for
corn-ethanol in that study.1 This estimate of energy efficiency was based on data from
2001 that represented an arithmetic mean energy use for both wet- and dry-mill ethanol
plants, average energy inputs from natural gas and coal, and average co-product
processing with a majority of biorefineries using energy to dry distiller’s grains.29 In
contrast, the energy consumption of a current state-of-the-art corn-ethanol production
facility with a dry-grind milling process and natural gas as the main source of energy is
estimated at 11.3 MJ L-1, which decreases to 8.2 MJ L-1 when co-product distiller’s grains
are not dried and fed wet to local livestock.19 Omitting the drying of distiller’s grains
results in a 59% reduction in energy use at the biorefinery compared to previous
estimates used in recent studies. The latest industry survey confirms these smaller
estimates of energy requirements in recently built dry-mill ethanol production facilities.20
Biorefinery fossil fuel energy consumption can be further reduced in a “closed loop”
system in which wet distiller’s grains from the biorefinery are fed to cattle on-site in an
adjacent feedlot where manure and urine are collected in an anaerobic digestion unit to
produce methane as a substitute for natural gas in the ethanol plant.
A number of other biorefinery innovations for corn grain-ethanol systems are
under development to further increase energy efficiency and reduce fossil fuel use.
“Raw”/“cold” starch technology uses enzymes for starch degradation at lower
temperatures, which can significantly reduce energy needs and associated GHG
emissions.21,22 Although this technology is already commercially available, enzymes are
still too expensive for routine commercial use. Corn stover, other crop biomass, or wood
chips can be used for co-generation at the biorefinery to replace purchased electricity
from a local utility and natural gas or coal-derived energy inputs, reducing life cycle GHG
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emissions by 52%.23 Wind and solar energy are potential sources of electricity, and if a
biorefinery is located near a nuclear power plant, steam generated from these facilities
could be used as a biorefinery energy source. All of these options would substantially
increase energy efficiency or reduce GHG emissions by achieving substantial reductions
in fossil fuel energy consumption at the biorefinery, thus contributing to a “greener” cornethanol industry.
In addition to technology innovations at the biorefinery, crop yields and
production efficiencies have been steadily increasing due to genetic improvement of
biofuel crops and advances in agronomic management.24-26 For example, US corn yields
have been increasing at a linear rate of 112 kg ha-1 yr-1 since 1966 while N fertilizer
efficiency, quantified by the amount of grain produced per unit of applied nitrogen, has
risen by nearly 40% since 1980. Irrigation efficiency has improved as farmers respond to
the rising cost of water and reductions in water supply from chronic drought. Less
efficient water application methods such as furrow or flood irrigation are being replaced
by more sophisticated irrigation systems that use low-pressure pivot, linear-move
equipment, or even drip irrigation. Forward-looking life cycle studies can account for the
impact of expected improvements in crop production methods and yields.
There also are large regional differences in crop yields and requirements for
production inputs because of differences in soil properties, climate, and access to
irrigation. During 2004-2006, for example, the highest average county-level corn yield in
the U.S. was 13.7 Mg ha-1, which was 48% greater than the Corn Belt average (9.2 Mg
ha-1) and 66% greater than the national average corn yield of 8.2 Mg ha-1 (Fig. 2). Life
cycle analysis of corn-ethanol is further complicated by the fact that corn is produced
with irrigation in the drier Western states (e.g. NE, KS, CO), but is almost entirely grown
under rainfed conditions in the Eastern Corn Belt states. While irrigation increases the
energy intensity of crop production, it also increases crop yields and reduces year-toyear variation in yield. For example, in Nebraska, on average, rainfed acres have half
the yield of irrigated acres, and one third of the yield of contest winning plots (Fig. 3).
Likewise, higher feedlot cattle density in these dry Western states allows use of wet
distiller’s grains as feed in local feedlots, which saves energy for drying at the biorefinery
and reduces energy for co-product transportation.

Figure 2. USA corn yield and irrigation (red hatched) by county (2003-2005
average).
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Source: National Agricultural Statistics Service, USDA. Map courtesy of Maribeth Milner,
Department of Agronomy and Horticulture, University of Nebraska-Lincoln.
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Figure 3. Nebraska contest-winning and average farm yield trends.24
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Because grain yield and input requirements have a large impact on net energy
yield, efficiency, and GHG emissions of a biofuel system, analysis of individual ethanol
biorefineries will require assessment of the actual crop production systems that supply
the grain feedstock. To date, however, most life cycle studies of biofuel systems have
been based on average crop yields and crop management statistics for the entire Corn
Belt, or on national averages. BESS is designed to consider such differences in cropping
and irrigation practices representing specific regional production efficiencies.

1.7 Greenhouse gas emissions reductions accounting and trading
Rising atmospheric concentrations of CO2 and other GHGs and the associated threat of
climate change has led to global discussion about policies and incentives to reverse
these trends.27 Because of the large variation in performance and the resulting GHG
emissions from different biofuel production systems, there is a need for a standardized
protocol and tool to estimate GHG emission reductions for biofuel produced by a specific
production facility and its associated feedstock supply zone. Such a tool would provide a
means for certifying the GHG/carbon credits attributable to a given biofuel system and
allow monetizing any credits for emerging GHG emissions markets, such as the Chicago
Climate Exchange (www.chicagoclimatex.com). Moreover, biofuel producers may need
to verify GHG reductions to export into markets that require C-cost or GHG certification
(e.g. California and the European Union)28, and biofuel production must meet GHG
reduction requirements set by the Energy Independence and Security Act of 2007: 20%
for corn-ethanol, 60% for cellulosic ethanol, and 50% for other advanced biofuel.
Verification of life cycle emissions reductions would require a standardized certification
system based on established methods for quantitative life cycle analysis. The
certification tool would need to be flexible, robust, accurate, and user-friendly so that it
could be widely used by C-credit investors and biofuel industry professionals to
determine the value of GHG emissions reductions for a specific biofuel facility and
feedstock supply.
The U.S. Supreme Court has set the foundation for GHG emissions regulation
and trading in its April 2, 2007 decision that classifies GHGs as pollutants and gives
authority to the Environmental Protection Agency under the Clean Air Act for regulating
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their emissions. If GHG emission reductions are mandated by legislation, as they are in
Europe under the European Union’s Emissions Trading Scheme (ETS)29, an emissions
cap-and-trade system could add an additional income stream for the biofuel industry.30
Acceptance and expansion of the European Union’s emissions trading market through
the ETS has been constrained by a lack of facility-specific data and a scarcity of sectorspecific emission prediction models.29
The goal of reducing net GHG emissions for an industrial sector requires a
change in practices that lead to a measurable difference in life cycle emissions. This
reduction must include direct and indirect GHG emissions generated across the life cycle
of the production of the fuel. Only by evaluating the production life cycle of alternative
fuels can one determine that such practices are causing a measurable reduction in GHG
emissions. For example, approximately 60-80% of life cycle fuel emissions are from the
biorefinery, with the other 20-40% of emissions come from crop production. An analysis
of only the biorefinery would provide an incomplete conclusion concerning life cycle
efficiency. Thus, models are necessary to evaluate entire scope of fossil fuel use in
biofuel production, and the associated emissions to determine that they do not exceed
the emissions of the conventional fuel which it replaces. The standard emissions level
from the conventional fuel (gasoline) is the baseline that alternative fuels must not
exceed and which alternative fuels must strive to reduce substantially.
The BESS life cycle analysis software provides an accurate assessment to
extend emissions trading to corn grain-ethanol systems. In comparison to emissions
models for criteria pollutants and GHGs which necessitate the monitoring of the air
quality compliance for individual ethanol facilities, the calculation of GHG emissions
credits in the BESS model estimates the gross GHG emissions from fossil fuels and a
few key indirect emissions as an inventory of distributed GHG emissions. By making an
inventory of fossil fuel use in the biofuel production life cycle, the gathering of emissions
data would not inhibit implementation of this emissions trading scheme, whereas actual
emissions monitoring is both labor and capital intensive, and doesn’t consider on farm
fossil fuel use. Bess simulations offer a more cost-effective and complete alternative. An
emissions trading scheme for the biofuels industry would require broad participation of
biofuel producers, and limited labor and capital expenses to ensure program viability.
Such a scheme for producers would also encourage industry expansion, reduce the
need for industry subsidies, and reduce industry emissions by favoring efficient
producers.

1.8 BESS simulation scenarios
The BESS program provides eight default simulation scenarios that can be used to
initiate simulations. Settings within these default scenarios can be easily altered to suit
the user’s needs for more accurate local analyses. Below is a description of the eight
default simulation scenarios and the corresponding performance metrics determined
using BESS (Table 1 & 2). Four scenarios explore State of Nebraska’s average
cropping practices and crop yields in conjunction with state-of-the-art biorefinery
parameter values (#4, 5, 6 & 7 in Tables 1 and 2). Once the cropping system
parameters are set, any biorefinery configuration can be manually set to configure these
four default scenarios. The 7th scenario uses experimental high-yield field data
produced using progressive crop management practices31 in conjunction with a dry-mill
ethanol plant producing dry distiller’s grains. Input settings for these scenarios are
shown in Section 2 below.
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Table 1. Eight default simulation scenarios in BESS for dry mills.
S#
1
2
3
4
5
6
7
8

Crop production
USA Midwest average
USA Midwest average
IA average
NE average
NE average
NE average
NE average
Progressive cropping

Biorefinery energy
natural gas-Midwest avg.-RFA
natural gas-Midwest avg.-UNL
natural gas-IA average
natural gas-NE average
natural gas-NE average
natural gas, biodigester closed-loop
coal
natural gas-NE average

co-product
mix dry/wet DGS
mix dry/wet DGS
mix dry/wet DGS
mix dry/wet DGS
Wet DGS
Wet DG
Dry DGS
mix dry/wet DGS

Table 2. Input settings and metrics for BESS default simulation scenarios.
Default Simulation Scenario:

#1

#2

#3

#4

#5

#6

MW
RFA

MW
UNL

IA
nat.gas

NE
nat.gas

NE n.g.
wet DG

closedloop

NE

#7

#8

NE
coal

Progressive

Cropping System Performance (US or state averages)
Grain Yield
Mg ha-1
9.57
9.57
Agricultural Input Rates (US or state averages)
Nitrogen

kg ha-1

144

144

10.7

9.73

9.73

9.73

9.73

13.7

144

146

146

146

146

177

Manure N

-1

kg ha

5.5

5.5

5.4

5.6

5.6

5.6

5.6

0

Phosphorus

kg ha-1

49.8

49.8

52.5

33.8

33.8

33.8

33.8

0

Potassium

kg ha-1

53.9

53.9

67.4

6.0

6.0

6.0

6.0

0

Lime

kg ha-1

212

212

334

86

86

86

86

0

Herbicide

kg ha-1

5.25

5.25

5.35

6.52

6.52

6.52

6.52

2.21

Insecticide

kg ha-1

0.21

0.21

0.06

0.56

0.56

0.56

0.56

0.22

-1

15.6

15.6

11.2

19.6

19.6

19.6

19.6

0

Diesel

-1

L ha

61.3

61.3

43.0

116

116

116

116

40.2

LPG

L ha-1

52.3

52.3

67.3

38.3

38.3

38.3

38.3

0

Gasoline

L ha

3

-1

Natural Gas

m ha

21.5

21.5

0

67.4

67.4

67.4

67.4

0

Electricity

kWh ha-1

105

105

41.5

377

377

377

377

1332

Machinery

MJ ha-1

320

320

320

320

320

320

320

690

Seed

kg ha-1

20.0

20.0

21.3

18.7

18.7

18.7

18.7

29.8

22.0

22.0

22.0

22.0

33.3

Water
cm
4.9
4.9
0.1
Biorefinery Energy Inputs (natural gas, coal, or closed-loop)
Thermal energy

MJ L-1

7.69

4.62

6.95

6.85

5.44

5.44*

6.10

6.85

TE, drying DG

MJ L-1

ns

2.98

ns

0.76

0

0

4.00

0.76

Electricity

kWh L-1

0.185

0.174

0.185

0.185

0.185

0.291

0.230

0.185

-1

Capital Energy

MJ L

Conversion yield

L kg-1 grain

0.13

0.13

0.13

0.13

0.13

0.26

0.13

0.13

0.419

0.432

0.393

0.408

0.423

0.423

0.419

0.408

Net Energy Balance and GHG Mitigation Outputs
1.61
1.64
1.76
Net Energy Ratio ratio
-1

Net Ener. Yield**

GJ ha

Ethanol-to-Petrol.

ratio

GHG emissions

gCO2e MJ

GHG-intensity

<%

-1

1.50

1.79

2.23

1.329

1.60

36.2

38.2

42.6

32.1

44.9

53.3

22.4

49.9

12.3

12.5

12.9

10.1

10.9

9.3

10.3

18.8

45.1

45.0

42.0

48.1

37.5

30.6

76.0

43.8

51%

51%

54%

48%

59%

67%

17%

52%
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*Anaerobic digestion compensates for a portion of the natural gas requirement, set here as a
baseline. **Includes ethanol plus co-product credit minus energy inputs. The itemized co-product
credit for energy and GHG mitigation is determined by the cattle feeding portion of the model and
is included in all default scenarios. ns = not specified

1.9 Simulation boundaries
Life cycle assessment is a relatively recent analytical technique, and some ambiguity
exists, often leading to seemingly biased results that are due to flexible system
boundaries. Processes can be made to look inefficient or more efficient than reasonable
expectations due to the inclusion or exclusion of factors in production processes (see
discussion in Farrell et al. 7). For interpreting the results of any LCA, it is very important
to know which factors are included or excluded in the analysis, and how each
component contributes to the overall efficiency.
BESS includes four components: 1) crop production, 2) ethanol biorefinery, 3)
associated cattle feedlot, and 4) anaerobic biodigester for generating methane from
feedlot manure as an energy source (optional). A schematic of the default system for a
dry-mill ethanol plant producing wet- or dry- distiller’s grains is shown below (Fig. 4). A
schematic for the close-loop ethanol biorefinery is also shown below (Fig. 5). The life
cycle components for the GHG analysis are shown in Table 3.

Figure 4. Simulation Scenarios #1, 2, 3, 4, and 6: Crop Production + Ethanol
Biorefinery
Emissions

Crop Production

Emissions

Ethanol Biorefinery

Inputs

Ethanol + Byproducts

Inputs
Sale

Figure 5. Simulation Scenario #5: Integrated Biorefinery: Crop Production,
Ethanol Biorefinery, Cattle Feedlot, Anaerobic Digestion System (E3
Biofuels/PRIME Biosolutions)
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Table 3. Component GHG emissions of the corn-ethanol life cycle for an average
natural gas powered biorefinery in Iowa (BESS, Scenario #3).
Component

GHG emission category

gCO2e MJ-1

Mg CO2e*

% of LC

Crop Production
Nitrogen fertilizer, N
Phosphorus fertilizer, P
Potassium fertilizer, K
Lime
Herbicides
Insecticides
Seed
Gasoline
Diesel
LPG
Natural gas
Electricity
Depreciable capital
N2O emissions**
TOTAL

4.26
0.953
0.542
2.82
1.51
0.018
0.193
0.355
1.73
1.24
0
0.348
0.268
14.1
28.3

34,069
7,618
4,337
22,577
12,079
141
1,540
2,837
13,848
9,932
0
2,785
2,144
112,550
226,456

7.46
1.67
0.950
4.95
2.65
0.031
0.337
0.621
3.03
2.18
0
0.610
0.470
24.7
49.6

Natural gas input
NG Input: drying DGS†
Electricity input
Depreciable capital
Grain transportation
TOTAL

19.7
0
6.53
0.458
2.11
28.8

157,356
0
52,201
3,663
16,851
230,071

34.5
0
11.4
0.802
3.69
50.4

0.216
-2.62
-11.4
-2.64
-16.5
1.40
42.0
42.0
92.0
50.0

1,731
-20,956
-91,501
-21,102
-131,828
11,196
335,895
335,895
735,715
399,819

0.379
-4.59
-20.0
-4.62
-28.9
0
100

Biorefinery

Co-Product Credit

Diesel
Urea production
Corn production
Enteric fermentation-CH4
TOTAL
Transportation of Ethanol from Biorefinery
LIFE CYCLE NET GHG EMISSIONS
GHG-intensity of ethanol,
g CO2e MJ-1
‡
GHG-intensity of gasoline , g CO2e MJ-1
GHG reduction relative to gasoline, %
*Based on a 379 million liter annual capacity.
**Includes emissions from N inputs (synthetic fertilizer,
leaching/runoff, crop residue).
‡
Arons 2007

1.10 Other corn-ethanol models

54.3%

manure N) and N losses (volatilization,

The GREET32 model focuses on the GHG emissions from particular types of
transportation vehicles and biofuel production systems. The GREET model works
backward from the specific vehicle and designated fuel type and blend. When using
biofuels, GREET doesn’t allow for changes in agricultural practices, but recent changes
in the model enable changes in ethanol biorefinery design.23 Another existing model
which is similar to BESS is the EBAMM model.7 The EBAMM model was created to
compare existing studies of the energy efficiency of corn-ethanol biofuel production
systems. The MS-Excel®-formatted model was used to structure a comparison of the
input categories and values among recent studies in order to high-light their differences.
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Then the model was used to generate hypothetic situations based upon the most
accurate average case scenario by homogenizing the existing case studies. The
EBAMM model was not developed for other users to input their own values or apply to
other situations, but was used to make an accurate assessment of the existing studies
for policy recommendations. However, the EBAMM model and the associated study
were important for comparing how different groups calculated the energy efficiency of
these systems and it emphasized the draw-backs of different calculation methods and
other issues7. Farrell’s general framework (recognizing acceptable and unacceptable
input categories) forms the foundation of the BESS model.
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2. Operation of the BESS Model and Parameters
2.1. Software installation and simulation initialization:
1. Download the software installation package from www.bess.unl.edu. The
software is only compatible with Microsoft Windows and has been tested in
Windows 2000 and XP systems (make sure the most recent service packs are
installed).
2. Install the software by running the BESS2008.3.1_setup.exe file. For most users,
the “No questions asked installation” is the best option while advanced users
may opt for the other option. Upon completion of installation, the software will
start automatically. Alternatively, double click the BESS icon on the desktop to
start the software.
Bess2008.lnk

3. When the software starts, an introductory page will first appear (Figure 6). Users
can view a short slide presentation about the model, open the BESS User’s
Guide, click on a link to the BESS website, or start a simulation.
4. The user interface consists of four operational pages: (1) Input: Operation
settings, (2) Output: Individual scenarios, (3) Output: Scenario comparison,
and (4) Summary Report. Clicking on a page tab will open that particular page.
Most of the operational pages includes a number of sub-pages.

Figure 6. BESS starter page: slideshow, User’s Guide, website link, and starting
the model.
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2.2. Input settings
The model has four operational pages: (1) Input: Operation settings, (2) Output:
Individual scenarios, and (3) Output: Scenario comparison, (4) Summary Report.
Clicking on the page tabs enables them to be viewed in the graphic interface (Fig. 7).
Each of the operational pages includes a number of sub-pages (except for the summary
report).

Beginning a simulation:
1. To begin a simulation with BESS, click Start the model on the starter page. The
first page seen is the Crop production sub-page of the Input: Operation
settings pages (Fig. 7).
2. To help users with input settings, eight simulation scenarios are available which
use sets of default values for input parameters (described in section 1.8 above).
To use one of the default scenarios, click the button Select a scenario on the
input page (Fig. 7) and select an appropriate scenario file (with extension *.stg).
Once a scenario file is selected, its setting values will be displayed in the input
boxes not only on the first sub-page but also on other three sub-pages that are
hidden. The box next to scenario name box shows a description of the selected
scenario. The description can be edited directly in that box.
3. The first input sub-page is settings of Corn production. The settings include
corn yield and required materials inputs as well as energy consumption.
4. The second input sub-page is for settings of Ethanol biorefinery (Fig. 8).
Energy input rates can be set along with the facilities annual ethanol production
capacity and type of co-products produced (currently set by default).
5. The third input page is for settings of Cattle feedlot (Figure 9). Co-products from
ethanol biorefinery provide a life cycle energy savings by displacing corn and
urea in cattle diets. On this page, either a default co-product energy and GHG
credit can be assigned OR cattle diets and cattle performance can be altered to
calculate the credits appropriate for specified co-product feeding practices.
To run a simulation, click the button Compute (Fig. 7). Simulation results are presented
on three pages:
1. Output: Individual scenarios
This page presents results for each component of the model and the total life
cycle energy efficiency, resource use, GHG emissions, and emissions credit
(Fig. 10-14). By default, the Crop production output page (Fig. 10) will appear
first after each run.
2. Output: Scenario comparison
This page presents results comparing multiple life cycle scenarios, including
scenarios that have been custom modified by the user (2.3).
3. Summary report
Lists all input parameter values and output metrics.

All default input setting can be modified to create a customized scenario. Select
any input box, and replace its value with desired one (only numbers are allowed).
Whenever input settings have been modified compared to their original values, the user
will be prompted to save the settings with a new name when clicking the Compute
button to run a simulation.
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Multiple scenarios can be computed and compared by activating different simulation
scenarios (in pull down boxes in output pages) (2.4). The summary report will identify all
input settings changed in comparison to its starting default scenario.

BESS calculations
The BESS model calculates the average energy efficiency, GHG emissions, and
resource requirements for an individual biorefinery and feedstock region based on a
yearly time period. This is primarily because the ethanol biorefinery output and state
crop production figures are reported on a yearly basis, as well as are energy input rates
for cropping systems, among other input variables that may fluctuate over smaller time
frames.
The BESS simulations are calculated with respect to one primary variable. The
primary variable is the volume of fuel produced by a single ethanol biorefinery in one
year. All other values subsequently set in the simulator should reflect the appropriate
spatial and temporal range as is appropriate for these variables, such as average grain
yield per year (Mg ha-1 yr-1). Input values for ethanol production capacity, biorefinery
corn-to-ethanol conversion efficiency, and grain yield then enable the calculation of total
grain consumed and the total area for crop production. Designated input rates for crop
production then enable the calculation of total input levels and corresponding energy use
and GHG emissions. Energy use at the biorefinery is calculated, and life cycle results
are summed accordingly.

Figure 7. Crop production input parameters page of BESS

Pull-down menus allow alternative tillage methods, irrigation water sources, and
irrigation energy sources to be selected in the Fuel consumption box above.
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Table 4. Crop production parameters and defaults for USA Midwest average*
USA default parameter description
units
value
ref.
-1
33
Grain yield, 2003-5 average
Mg ha
9.57
31,34
Carbon sequestration
Mg ha-1
0
-1
35
Nitrogen, fertilizer application rates, 2001
kg N ha
144
36
Nitrogen, manure N application rates, 1997
kg N ha-1
5.5
35
Phosphorus, fertilizer application, 2001
kg P2O5 ha-1
49.8
-1
35
Potassium, fertilizer application, 2001
kg K2O ha
53.9
35
Lime, application rates
kg ha-1
212
-1
35
Herbicides, pesticide application, 2001
kg ha
5.25
35
Insecticides, pesticide application, 2001
kg ha-1
0.21
-1
35
Seeding rates, 2001
kg ha
20.0
37
Gasoline, average, all uses, 2001
L ha-1
15.6
37
Diesel, average, all uses, 2001
L ha-1
61.3
-1
37
LPG, average, all uses, 2001
L ha
52.3
37
Natural Gas, average, all uses, 2001
m3 ha-1
21.5
37
Electricity, average, all uses, 2001
kWh ha-1
105
Irrigation water, all sources, USA average 2003
cm
4.9
Tab. 10
*All values are weighted averages by harvested areas in 12 states of US: SD, MN, IA, WI, ND, IL,
IN, MI, NE, OH, KS, MO; these states contain 88% of 2005 corn production and 66% of
harvested corn acres.

Table 5. Crop production statistics & default values for State of Iowa (IA), US
IA default parameter description
Grain Yield, IA 2003-5 average
Carbon sequestration
Nitrogen, fertilizer application rates, IA 2005
Nitrogen, manure N application rates, 1997
Phosphorus, fertilizer application rates, IA 2005
Potassium, fertilizer application rates, IA 2005
Lime, application rates, IA 2005
Herbicides, pesticide application rates, IA 2005
Insecticides, pesticide application rates, IA 2005
Seeding rates, average, IA 2005
Gasoline, average, all uses, IA 2001
Diesel, average, all uses, IA 2001
LPG, average, all uses, IA 2001
Natural Gas, average, all uses, IA 2001
Electricity, average, all uses, IA 2001
Irrigation water, all sources, IA average 2003

units
Mg ha-1
Mg ha-1
kg N ha-1
kg N ha-1
kg P2O5 ha-1
kg K2O ha-1
kg ha-1
kg ha-1
kg ha-1
kg ha-1
L ha-1
L ha-1
L ha-1
m3 ha-1
kWh ha-1
cm

value
10.7
0
144
5.4
52.5
67.4
334
5.35
0.06
21.3
11.2
43.0
67.3
0.0
41.5
0.1

ref.
33
31,34
35
36
35
35
35
35
35
35
37
37
37
37
37

Tab. 10
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Table 6. Crop production statistics & default values for State of Nebraska (NE),
US
NE default parameter description
Grain yield, NE 2003-5 average
Carbon sequestration
Nitrogen, fertilizer application rates, NE 2005
Nitrogen, manure N application rates, 1997
Phosphorus, fertilizer application rates, NE 2005
Potassium, fertilizer application rates, NE 2005
Lime, application rates, NE 2005
Herbicides, pesticide application rates, NE 2005
Insecticides, pesticide application rates, NE 2005
Seeding rates, average, NE 2005
Gasoline, average, all uses, NE 2001
Diesel, average, all uses, NE 2001
LPG, average, all uses, NE 2001
Natural Gas, average, all uses, NE 2001
Electricity, average, all uses, NE 2001
Irrigation water, all sources, NE average 2003

units
Mg ha-1
Mg ha-1
kg N ha-1
kg N ha-1
kg P2O5 ha-1
kg K2O ha-1
kg ha-1
kg ha-1
kg ha-1
kg ha-1
L ha-1
L ha-1
L ha-1
m3 ha-1
kWh ha-1
cm

value
9.73
0
146
5.6
33.8
6.0
86
6.52
0.56
18.7
19.6
116
38.3
67.4
377
22.0

ref.
33
31,34
35
36
35
35
35

,*

35
35
35
37
37
37
37
37

Tab. 10

*Average lime application rates for all states were determined by multiplying the percent of area with lime
35
-1
applications by the national average lime application rate of 400 lb ac , as provided by Tim Payne (USDA7
ERS; data from USDA, ARMS) and cited previously in the EBAMM model (vers.1.1-1 ).

Table 7. Default values for a progressive high-yield experimental irrigated no-till
cropping system in eastern Nebraska.31
NE default parameter description
Grain yield, 2002, 2004 Average
Carbon sequestration
Nitrogen, fertilizer application rates
Nitrogen, manure N application rates
Phosphorus, fertilizer application rates
Potassium, fertilizer application rates
Lime, application rates
Herbicides, pesticide application rates
Insecticides, pesticide application rates
Seeding rates, average
Gasoline, average, all uses
Diesel, average, all uses
LPG, average, all uses
Natural Gas, average, all uses
Electricity, average, all uses
Irrigation water, all sources, IA average 2003

units
Mg ha-1
Mg ha-1
kg N ha-1
kg N ha-1
kg P2O5 ha-1
kg K2O ha-1
kg ha-1
kg ha-1
kg ha-1
kg ha-1
L ha-1
L ha-1
L ha-1
m3 ha-1
kWh ha-1
cm

value
13.71
0
177
0
0
0
0
2.21
0.22
29.8
0
40.2
0
0
1332
33.3

ref.
31
31,34
31
31
31
31
31
31
31
31
31
31
31
31
31

Tab. 10
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Table 8. Crop production settings: itemized default values for tillage
units
value
ref.
-1
38
Tillage, moldboard plow, diesel usage*
L ha
8.1
38
Tillage, chisel plow, diesel usage*
L ha-1
5.1
38
-1
Tillage, disk, diesel usage*
L ha
4.6
38
Tillage, ridge plant, diesel usage*
L ha-1
4.1
38
Tillage, no-till, diesel usage*
L ha-1
2.2
39
Combine harvest
L ha-1
3.1
*Includes energy use for planting, cultivation, and spraying; these values can be changed in the
internal parameters.

Table 9. Ethanol biorefinery constant default parameters values
default parameter description
Ethanol capacity, arbitrary, 100 million gal.
Water use per volume of ethanol
Electricity use in the closed-loop facility
DDG production rate*, 100% dry matter, 19.1% S
*closed-loop scenario only.

units
million L
L L-1
kWh L-1
kg L-1

value
379
4.7
0.291
0.572

ref.
20

20,40

Figure 8. Ethanol biorefinery input parameters page of BESS

Use the pull-down menu to set the energy source for the biorefinery (natural gas,
coal, or biogas; future categories will potentially include biomass, combined heat
and power, and direct co-product utilization). The annual proportion of co-product
types produced can be set for calculation of co-product energy and GHG credits (see
section 3.2).
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Value used in GREET model, vs. 1.8
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BESS Scenarios

Table 10. Survey data for dry-mill energy efficiency in default scenarios.
S Survey
#
year
1
2
3

Research
group

Thermal
energy
-1

MJ L , Btu gal

Electricity
-1

-1

kWh L , kWh
-1
gal

Conversion
Co-product
yield L kg-1, L kg-1, lb gal-1
-1
gal bu

RFAArgonne

22

ng

7.69 / 27,589

0.185 / 0.70

0.419 / 2.81

0.707 / 5.9

UNL-USDA

8

ng

7.60* / 27,282

0.174 / 0.66

0.432 / 2.90

-

IDNR-UNL

9

ng

6.95 / 24,921

-

0.393 / 2.64

-

2006
200607
200406

# of Thermal
plants
type

4

2006

NDEQ-UNL

9

ng

7.61** / 27,315

-

0.408 / 2.74

-

5

2006

NDEQ-UNL

4

ng

5.44 / 19,525

-

0.423 / 2.84

-

6

2006

NDEQ-UNL

4

ng-AD

5.44 / 19,525

0.291 / 1.1

0.423 / 2.84

-

7

2006

EEA-EPA

-

coal

10.1*** / 36,250

0.230 / 0.87

-

-

8

2006

NDEQ-UNL

9

ng

7.61 / 27,315

-

0.408/ 2.74

-

19

RFA data is used to fill in empty blocks. S#7 based on engineering estimate.
*4.62+ 2.198 MJ L-1 for drying, **6.85 + 0.76 MJ L-1 for drying, ***6.15 + 3.96 MJ L-1 for drying

Table 11. Estimate of proportions of distiller’s grains produced based upon
survey data for dry-mill thermal energy efficiency in default scenarios.
Estimate, MJ L-1

Survey

% DDGS

% MDGS

% WDGS

RFA

7.69

35%

30%

35%

7.70

UNL

7.60

66%

31%

3%

-

IA
NE
NE

6.95
7.61
5.44

22%
32%
0%

23%
32%
0%

55%
36%
100%

6.94
7.61
5.40

coal
100%
0%
0%
10.1
10.00
-1
-1
(10 MJ/L x % dry DGS) + (7.7 MJ L x % modified DGS) + (5.4 MJ L x % wet DGS) = X MJ L-1
The RFA survey found 36.7% of DGS were produced wet for the 22 dry and wet mill plants—for
the dry-mill subset, 35% DGS was estimated to be wet and other parameters were set
accordingly. Proportions of DGS are necessary for calculating accurate co-product energy and
GHG credits.
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Figure 9. Cattle feedlot input parameters page of BESS

Either a default aggregate co-product energy & GHG credit can be used, or a
itemized co-product energy & GHG credit can be determined based on cattle
performance, co-product type, and cattle diet (see section 3.3 for discussion); the
itemized co-product credit is active in the default scenarios.
Table 12. Cattle feedlot parameters and default values
default parameter description
Aggregate co-product energy credit from EBAMM
Feedlot cattle entry weight
Feedlot cattle market weight
Corn-fed cattle, dry matter intake
Corn-fed cattle, average daily gain
Co-product inclusion level (DM basis)
Minimum corn diet crude protein level (DM basis)
Truck load size, payload as-is weight
Average distance of corn haul to feedlot
Average distance of co-product haul to feedlot
Semi co-product and corn delivery fuel efficiency
Fuel required to feed a corn based diet

units
MJ L-1
kg
kg
kg d-1
kg d-1
% Diet
% Diet
kg
km
km
km L-1
L head-1 d-1

value
4.13
272
590
10.9
1.66
50
13.3
22680
24.1
48.3
2.55
0.011

ref.
7
40
40
41
41
40
42
40
40
40
40
40
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Figure 10. Anaerobic digestion input parameters page of BESS

The closed-loop system is activated when Biogas is selected as the energy
source of the ethanol biorefinery input page. Once this is selected, the ethanol
biorefinery capacity determines the amount of distiller’s grains and solubles
produced, which is then used to determine total biogas production which is
subtracted from standard natural gas requirements. N fertilizer from anaerobic
digestion is subtracted from N produced upstream of crop production (see section
3.2.4 & 3.3 for discussion).

Table 13. Anaerobic digestion parameters and default values
default parameter description
Volatile fraction, VS TS-1, %
Crude Protein, % dry matter
Reduction in VS by biodigester, %
Treated water, L head-1 day-1

units
%
%
% of VS
L head-1 d-1

value
91.4
25.4
45
59.6

ref.
43
43
44
45

2.3 Output parameters and viewing results
When a run is completed, the results page Output: Individual scenarios: Crop
production will appear automatically (Fig. 11). This page shows the total grain
requirements needed for the selected biorefinery annual capacity and the total harvest
area needed to support the individual biorefinery, state capacity, or national production
capacity. The total quantity of each input is calculated in the left column. The energy
associated with those inputs is calculated in the second column. Total inputs of fossil
fuel energy, and emissions form CO2, CH4, N2O, and CO2eq/GWP from each input in
crop production is calculated. The third bottom column shows the percentage energy
expenditure for each input (these percentages sum to 100% for crop production). These
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results are then shown in an associated bar chart, and inputs are ranked from highest to
lowest (Fig. 11). Results may be viewed as a bar chart or pie chart by selecting the
button. Finally, each energy input and associated GHG emission for crop production is
shown as a percentage of the total life cycle energy expenditure; this can be viewed by
selecting the button at the top of chart.
The second Output: Individual scenarios results page shows data for the
ethanol biorefinery component of the model either as absolute total (TJ), % of crop
production or % of total life cycle. This includes energy inputs for refinery operation,
drying distiller’s grains, grain transportation from the field to the facility, and the
depreciable energy embodied in the facility infrastructure. Total energy use for the facility
can be viewed as an absolute amount, percent of biorefinery inputs, or percent of life
cycle inputs by selecting the buttons above the graph (Fig. 12). Total water requirements
and distiller’s grains produced are also shown.
The cattle feedlot results (Fig. 13) calculates only the energy credit for use of
distiller’s grains in cattle feeding operations in comparison to traditional diets (see
section 3.2 for assumptions and description). This component is not a conventional
consumer or producer of energy, like the first two components. The anaerobic digestion
unit is only activated when the closed-loop system is selected.

Figure 11. Crop production output page of BESS

Use the white box above to select CO2eq emissions, or emissions of CO2, CH4,
N2O, or fossil fuel energy requirements. Use the top white box above to select
different simulations scenarios to view results.
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Crop production output calculations for data in Figure 11
Total grain requirement (Mg yr-1) = ethanol biorefinery capacity (L yr-1) / corn-to-ethanol
conversion (L kg-1) efficiency x 1000
Total harvest area (ha) = ethanol biorefinery capacity (L) / corn-to-ethanol conversion (L
kg-1) efficiency x1000 / crop yield (Mg ha-1)
Water use (L yr-1) = ethanol biorefinery capacity (L yr-1) / corn-to-ethanol conversion (L
kg-1) efficiency x1000 / crop yield (Mg ha-1) x water input rate (L ha-1)
Energy use rate (MJ kg-1) = total crop component energy use per kg of grain produced
Material inputs (Mg or L yr-1) = biorefinery capacity (L yr-1) / corn-to-ethanol conversion
(L kg-1) efficiency x1000 / crop yield (Mg ha-1) x input rate (kg ha-1, L ha-1)
Fossil Fuel energy inputs (MJ yr-1) = ethanol biorefinery capacity (L yr-1) / corn-to-ethanol
conversion (L kg-1) efficiency x1000 / crop yield (Mg ha-1) x input rate (kg ha-1 or L
ha-1) x energy intensity of production or heating value of fuel (MJ kg-1 or MJ kg-1)

Figure 12. Ethanol biorefinery output page of BESS

Ethanol biorefinery output calculations for data in Figure 12
Total DG (kg yr-1) = ethanol biorefinery capacity (L yr-1) x DG production rate (kg L-1)
Water use (L yr-1) = ethanol biorefinery capacity (L yr-1) x water use rate per ethanol
produced (L L-1)
Energy use rate (MJ L-1) = biorefinery component energy use per L of ethanol produced
Fossil Fuel energy inputs (MJ yr-1) = ethanol biorefinery capacity (L yr-1) / corn-to-ethanol
conversion (L kg-1) efficiency x1000 / crop yield (Mg ha-1) x input rate (kg ha-1 or L
ha-1) x energy intensity of production or heating value of fuel (MJ kg-1 or MJ kg-1)
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Figure 13. Cattle feedlot output page of BESS

Calculations in the cattle feedlot component of the model are only active when
the “itemized energy credit” is activated, see Figure 9. Because corn is displaced,
co-product credit values are dependent on the cropping efficiency in the model.
Cattle feedlot output calculations for data in Figure 13
Cattle finished (hd yr-1) = co-product produced (kg yr-1) / co-product fed to cattle daily (kg
hd-1 day-1) / cattle days on feed
Feedlot capacity (hd) (steady-state) = cattle finished (hd yr-1) / cattle days on feed / 365
days
Beef produced (Mg yr-1) = cattle finished (hd yr-1) x gain per head (kg)/1000
Manure produced (kg DM yr-1) = cattle finished (hd yr-1) x animal days on feed x manure
produced (kg day-1)
Diesel Fuel* (TJ yr-1) = co-product produced (kg co-product DM yr-1) x diesel fuel net use
(adjusted for efficiency loss; MJ kg-1 co-product DM) / 1000000
*A negative number means more energy was spent with the co-product system than
the control system.
Urea savings (TJ yr-1) = co-product produced (kg DM yr-1) x urea replaced (kg kg-1 coproduct DM) x [Urea production energy (MJ kg-1) / Natural gas efficiency factor] /
1000000
Corn displaced (TJ yr-1) = co-product produced (kg yr-1) x corn DM replaced (kg kg-1 coproduct DM) x corn energy use rate (MJ Mg-1) / 1000000
Total energy savings (TJ yr-1) = diesel fuel savings + urea savings + corn energy
displaced
Diesel emissions savings (Mg yr-1) = co-product produced (kg DM yr-1) x diesel fuel
CO2eq prevented per co-product (Mg kg-1)
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Urea emissions savings (Mg yr-1) = co-product produced (kg DM yr-1) x urea CO2eq
prevented per co-product (Mg kg-1)
Corn emissions displaced (Mg yr-1) = co-product produced (kg DM yr-1) x corn production
CO2eq prevented per co-product (Mg kg-1)
Enteric fermentation methane prevented (Mg yr-1) = co-product produced (kg DM yr-1) x
enteric methane CO2eq prevented per co-product (Mg kg-1)
Manure methane capture** (Mg yr-1) = co-product produced (kg DM) x manure methane
CO2eq prevented per co-product (Mg kg-1)
Total emissions savings (Mg yr-1) = diesel fuel savings + urea savings + corn displaced +
enteric fermentation methane prevented + manure methane capture**
** Value is reported only when anaerobic digester is used.

Figure 14. Anaerobic digestion output page of BESS

Output page is only displayed when closed-loop is activated, see Figure 8 & 10.
Anaerobic digestion output calculations for data in Figure 14
Pure methane (m3 yr-1) = annual methane yield from manure volatile solids associated
with co-product + annual methane yield from thin stillage volatile solids
Compost (DM – all N removed) (Mg yr-1) = (cattle capacity head days x total solids
excreted from cattle (kg d-1) – anaerobic digested manure volatile solids +
undigested thin stillage DM –total anaerobic digester nitrogen capture)/1000
Treated water (L yr-1) = treated water produced (L hd-1 d-1) x head days per year
Nitrogen capture credited to WDG and thin stillage (kg yr-1) = N capture from cattle WDG
(kg yr-1) + N capture from thin stillage (kg yr-1)
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Figure 15. Life cycle analysis output page of BESS

Life cycle analysis energy calculations for data in Figure 15
Energy inputs (TJ yr-1) = ethanol biorefinery capacity (L yr-1) / corn-to-ethanol conversion
(L kg-1) efficiency x1000 / crop yield (Mg ha-1) x Σ (crop input rates (kg ha-1 or L
ha-1) x energy intensity of production or heating value of fuel (MJ kg-1 or MJ kg-1))
+ Σ (ethanol biorefinery capacity (L) x biorefinery input rates (MJ L-1))/1000000
Co-product energy credit (TJ yr-1) = ethanol biorefinery capacity (L yr-1) x default coproduct credit (MJ L-1) (or calculated via cattle feedlot portion of model)/1000000
Ethanol energy output (TJ yr-1) = ethanol biorefinery capacity (L yr-1)x ethanol heating
value (MJ L-1)/1000000
Net energy ratio = total energy output / total energy input
Net energy value (MJ L-1) = ethanol heating value (MJ L-1) + default credit (MJ L-1) – crop
production inputs (MJ L-1) – biorefinery inputs (MJ L-1)
Net energy yield (GJ ha-1) = ethanol output (GJ ha-1) + co-product output (GJ ha-1) – crop
production inputs (GJ ha-1) – biorefinery inputs (GJ ha-1)
Ethanol output to petroleum input ratio = ethanol energy output / Σ petroleum input rates
(MJ ha-1 or MJ L-1) (gasoline & diesel)
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Figure 16. Life cycle GHG emissions output page of BESS

GHG emissions calculations for data in Figure 16
Crop emissions (Mg CO2eq yr-1) = ethanol biorefinery capacity (L yr-1) / corn-to-ethanol
conversion (L kg-1) efficiency x1000 / crop yield (Mg ha-1) x Σ (crop input rates
(kg ha-1 or L ha-1) x energy intensity of production or heating value of fuel (MJ
kg-1) x GHG emission factors (kg CO2 TJ-1 or kg CO2 kg input-1, kg CH4 TJ-1 or
kg CH4 kg input-1, kg N2O TJ-1 or kg N2O kg input-1)/1000) + total N2O
emissions (see Table 15 below)
Biorefinery emissions (Mg CO2eq yr-1) = ethanol biorefinery capacity (L yr-1) / corn-toethanol conversion (L kg-1) efficiency / crop yield (Mg ha-1) x Σ (ethanol
biorefinery capacity (L) x biorefinery input rates (MJ L-1) x GHG emission factors
Feedlot emissions (Mg CO2eq yr-1) = ethanol biorefinery capacity (L yr-1) x default coproduct GHG credit (kg L-1) (or calculated via cattle feedlot portion of model)
GWP (CO2 equivalents) = 1 x kg CO2 emissions + 24 x kg CH4 emissions + 296 x kg
CH4 emissions
Total emissions = crop + biorefinery + feedlot (negative)
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Figure 17. Life cycle GHG emissions output page of BESS

GHG emissions balance calculations for data in Figure 17
Gasoline total emissions (Tg CO2eq yr-1) = ethanol biorefinery capacity (L) / corn-toethanol conversion (L kg-1) efficiency x ethanol heating value / gasoline heating
value x 87.9 g CO2 MJ-1 (life cycle gasoline emissions including production and
transportation32) x 1012
Ethanol production FF (fossil fuel) emissions (Tg CO2eq yr-1) = summation of
components as calculated in box above.
N fertilizer N2O emissions (Tg CO2eq yr-1) = Table 15 below.
Carbon sequestration (Tg CO2eq yr-1) = carbon sequestration (set in crop production
inputs, Mg ha-1) x total ha
Ethanol distribution (Tg CO2eq yr-1) = ethanol energy output x 1.4 g CO2eq MJ-1,32
Emissions saved (Tg CO2eq yr-1) = Gasoline emissions - ethanol-FF emissions – N
fertilizer emissions – carbon sequestration – co-product credit – ethanol
distribution
Difference (%) = Gasoline emissions – (ethanol-FF emissions – N fertilizer emissions –
carbon sequestration – co-product credit – ethanol distribution) / gasoline
emissions x 100
Emissions offset credit ($) = emissions saved (Tg) x trading price ($ Tg-1 CO2eq)
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Figure 18. Summary report output page of BESS

The summary report includes all input parameter values, output results, and an
emissions inventory. Summary reports identify all parameter values changed in
comparison to a standard reference scenarios or enables comparison of different
customized scenarios. All parameters changed from default values are shown in
red(-) or green(+) in this output report. The output report page is protected and
unalterable, and can serve as a certification report documenting GHG mitigation
relative to gasoline for access to markets with low-carbon fuel standards or for
documenting reductions for emissions trading markets.
2.4 Comparing multiple scenarios
Multiple life cycle simulations can be compared for the production of biofuels in different
settings. After running one scenario, the life cycle results can also be viewed in the
Output: Scenario comparison page (Fig. 18); two sub-pages are included: Material
and Energy and the Net greenhouse gas emissions & credit. Multiple scenarios can
be computed by going back to the Operation settings pages, selecting a different
scenario and clicking Compute. If multiple scenarios are computed, then the results can
be compared side-by-side for each selected metric within Fig. 19. Results are shown in
the bar chart for the simulations that are checked in the box entitled Scenarios to
compare on the left side of the interface. Emissions results are shown in second
comparison page (Fig. 19).
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Figure 19. Output: Scenario comparison (CO2eq emissions inventory) output
page

Figure 20. Output: Scenario comparison (material and energy) output page
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2.5 Internal parameters
Internal parameters include default parameters not shown in the Operations settings
pages. These parameters may be accessed using the tool bar at the top of the model by
selecting Settings, and then Display parameters tab page. This will add one tab
across the top of the model, Parameters (Fig. 21). Parameter included here are the
energy-intensity of agricultural chemical inputs, default heating values for fossil fuels
used and their efficiencies of production, and IPCC emission factors (Table 13). Other
parameters for the ethanol biorefinery and feedlot are shown, and the only economic
parameter is the value of a carbon credit ($ Mg-1 CO2eq) on the Chicago Climate
Exchange. Internal parameter values are shown in the sequence given in Table 12.
These include crop production, biorefinery, cattle feedlot, biodigester, and default energy
and emissions factors. By checking Modifications allowed at the bottom of the
parameters page (Fig. 21), these parameters can be altered to suit the needs of the
user—yet, modified parameters will be reset for default simulation scenarios.

Figure 21. Internal parameters, accessing parameters
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Table 14. Internal parameters and their default values
A. Energy inputs and selected emissions
Crop Production
Nitrogen
Phosphate
Potassium oxide

Lime
Herbicide

Insecticide

Seed
Manure-N hauling
Irrigation

Units
MJ kg-1
kWh kg-1
MJ kg-1
kWh kg-1
MJ kg-1
kWh kg-1
MJ kg-1
MJ kg-1
MJ kg-1
kWh kg-1
MJ kg-1
MJ kg-1
kWh kg-1
MJ kg-1

Value
45.0
7.21
11.3
0.12
356.0
358.0
-

Ref.

Misc.
Diesel

MJ kg-1
L Mg N-1

9.7
44.35

7

Electricity-Water, Well
Diesel-Water, Well
Natural Gas-Water, Well
Electricity-Water, Surface
Diesel-Water, Surface
Natural Gas-Water, Surface
Cost of Electricity, 2003
Cost of Diesel, 2003
Cost of Natural Gas, 2003
Costs (Corn)-Irrigated
Costs (Corn)-Non-Irrigated

$ ha-1
$ ha-1
$ ha-1
$ ha-1
$ ha-1
$ ha-1
$ kWh-1
$ L-1
$ per m3
$ ha-1
$ ha-1

69.2
73.3
95.8
35.1
42.5
75.6
0.056
0.399
8.4
823
481

49

Dry DGS
Modified DGS
Wet DGS
Wet DG

%DM
%DM
%DM
%DM

90
46
35
35

40

Total

MJ L-1

0.59

7

Energy Input
Energy Input,
closed-Loop

MJ L-1

0.13

MJ L-1

0.26

Mcal kg-0.75d-1
x
% Gross En.
kg kg-1

0.072
1.2
0.029
1.03

Variable
Natural gas
Electricity
Natural gas
Electricity
Natural gas
Electricity
Diesel
Natural gas
Electricity
Diesel
Natural gas
Electricity
Diesel

Biorefinery
DG Dry-Matter Content

Grain Transportation
Depreciable Capital

Cattle Feedlot
Biodigester
Fasting Heat Prod
Physical Activity Factor
Enteric Methane Emission
Chem. Oxy. Demand (COD) VS-1

46

47,48

47,48

7
7

7

3.1.2

49
49
49
49
49
50
51
52
53
53

40
40
40

7

45

54
54
55-61
62
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Max Methane COD-1
Methane Convers. Fact
Methane Density
Urea Production Energy Intensity (53MJ/kg Urea-N)
Natural Gas CO2-C
CO2 % C
N Volatilized from Pen Surface
EBAMM Default Co-Product Energy Credit
Energy
(LHVs used)
Ethanol
Heating Value
Gasoline
Density
Heating Value
Efficiency
Diesel
Density
Heating Value
Efficiency
LPG
Heating Value
Efficiency
Natural Gas
Heating Value
Efficiency
Electricity
Energy Value
Efficiency
Coal
Efficiency
Emissions
CO2

Global Warming Potential

CH4

Global Warming Potential

N2O

Global Warming Potential

L g-1
% of Max
kg m3-1
MJ kg-1 Urea
kg m3-1
%
%, excreted N
MJ L-1

0.35
1.5
0.67
24.7
0.526
27.3
49.4
4.13

63

MJ L-1
Kg L-1
MJ kg-1
%
Kg L-1
MJ kg-1
%
MJ L-1
%
MJ m-3
%
MJ kWh-1
%
%

21.1
0.735
43.33
80.5
0.85
42.64
84.3
25.60
98.9
34.02
94
3.6
38.5
98

66

64
64
46
65

7

66
66

17
66
66

17
65

17
67

17
68

17
17
69

Kg CO2 kg-1
CO2
Kg CH4 kg-1
CO2
Kg N2O kg-1
CO2

1

69

25

69

298

B. Greenhouse gas (GHG) Emission Factors
unit
Crop

Nitrogen Fertilizer, N,
(17/14 x 2.104 EU average)
Phosphorus Fertilizer, P
Potassium Fertilizer, K
Lime (high-Ca)
Herbicides
Insecticides
Seed (agricultural diesel)
Gasoline (motor)
Diesel (agricultural)
LPG
Natural Gas
Electricity
Depreciable capital-infrastr.
(gas/oil in manu.&constr.)

CO2
CH4
N2O
Ref.
kg unit-1 kg unit-1 kg unit-1

MWh

2.55
1.56
0.69
0.75
24.20
25.10
74100
69300
74100
63100
56100
619.9

0.00
0.00
0.00
0.00
0.03
0.04
4.2
33
4.2
5
5
2.6

0.00
0.00
0.00
0.00
0.00
0.00
28.6
3.2
28.6
0.1
0.1
0.2

TJ

74100

3

0.6

kg
kg
kg
kg
kg
kg
TJ
TJ
TJ
TJ
TJ

70

7
7

70

7
7

70
70
70
70
70
71,72
70

Tab.
V3,3.1
GRT
GRT
V3,2.4
GRT
GRT
V2,3.3.1
V2,3.2.1(2)
3.3.1
V2,2.5
V2,2.5
V2,2.3
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N2O

N2O

N2O
Biorefin.

Feedlot

N2O from fertilizer, manure,
crop residues
residue N content
root residue N content
root/residue (DM) ratio
N2O from volatilization
fertilizer N volatilization
manure N volatilization
N2O from
leaching/runoff N loss
Natural Gas Input
NG Input: Drying DG
Electricity Input (NG)
Coal Input
C Input: Drying DG
Electricity Input (Coal)
Depreciable capital
Transportation (gas/diesel
oil)
Diesel
Urea Production
Optional Default
Co-Product GHG Credit

kg N2O-N /
N applied
-1

kg N Mg
kg N Mg-1
kg kg-1
kg N2O-N /
N applied
-1

kg kg
kg kg-1
kg N2O-N /
N applied
TJ
TJ
MWh
TJ
TJ
MWh
TJ
TJ
TJ
Kg Urea
kg L

-1

56100
56100
619.9
96100
96100
619.9
74100

1
1
2.6
1
1
2.6
3

74100
74100
1.45

3.9
4.2
0.002

0.01
0.006
0.007
0.22

70

0.01
0.1
0.2

70

0.0075
0.3
0.1
0.1
0.2
1.5
1.5
0.2
0.6

70

3.9
28.6

70
70
70

70
70

70

70
71,72
70
70
71,72

V4,11.1
V4,11.2
V4,11.2
V4,11.2
V4,11.3
V4,11.3
V4,11.3
V4,11.3
V4,11.3
V2,2.2
V2,2.2
V2,2.2
V2,2.2

70

V2,2.3

70

V2,3.2.1(2)
V2, 3.3.1

70
46

0.525

7

4

73

92

74

1.4

7

-1

GHG

CCX Carbon Credit
LC emissions, CO2eq.

Gasoline* Ethanol distribution
*69 g CO2eq per MJ direct emissions.
GRT, GREET model, Argonne Lab., DOE

$ Mg
CO2eq
g CO2eq
-1
MJ
g CO2eq
-1
MJ

2.6 Additional functions
The model provides functions for saving input settings, and saving / printing outputs
(including graphs and the summary report). These functions may be accessed via the
main menu and tool bar at the top of the model, or the pop-up menu which is invoked by
right clicking the mouse.
Help function
The extensive help function (Fig. 22) can be used to answer questions about BESS
operation, specifically setting of inputs and viewing results. All comprehensive
background information is provided by this User’s Guide, which is also available via the
tool bar and Help menu at the top of the model.
User’s Guide (This document)
Access via the tool bar.
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Figure 22. Accessing BESS’s menu system
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3. BESS Model Assumptions, Description, and Discussion
3.1 Crop production component of BESS
3.1.1 Energy and material inputs variables
Default values for crop production energy input rates (gasoline, diesel, LPG, natural gas,
electricity) were taken from the most recent USDA-ERS survey (more recent USDA
surveys will not be available in the immediate future as funding has stopped for this
research—personal communication, William McBride, USDA-ERS).37 These aggregate
energy inputs include all crop production operations (e.g. planting, tillage, spraying,
harvest) as well as irrigation (which includes diesel, natural gas, and electricity). For
local analysis, energy input rates for irrigated and rain-fed crop production with specific
dominant tillage practices on a county-by-county basis would produce the most accurate
results, with state averages providing the next highest resolution and accuracy. The
itemized input section of the crop production energy inputs enables farm specific tillage
methods and irrigation water amounts and sources (well or surface) to be specified,
along with energy sources (diesel, natural gas, and electricity). Users can also compare
these options to determine their net effect on life cycle energy efficiency and GHG
emissions.
Fertilizer, herbicide, and insecticide applications rates and seeding rates are
included as default parameters from the most recent state-wide USDA data (no countylevel data are available).35

3.1.2 Nitrogen fertilizer production energy
The production of N fertilizer via N2 fixation (Haber-Bosch process) is energy intensive,
with varying efficiency. Trends show that this process is becoming more efficient.47
There is a limited number of recent studies on the efficiency of this process. The energy
required to produce 1 kg of N fertilizer ranged between 49-57.5 MJ in the studies
summarized by Farrell et al. Patzek 2004 and Pimentel 2005 both cited Kongshaug
199847 at 54 MJ kg-1 N (but estimates in Kongshaug 1998 do not include energy for the
transportation of fertilizer to the point of application). Shapouri 2004 cited a personal
communication that is unverifiable at 57 MJ kg-1. Oliviera 2005 cited the value from West
& Marland 2002.48 West & Marland in their extensive analysis of the GHG balance of
agriculture cited Bhat 199475 at 57.5 MJ kg-1, which was also previously cited by
Shapouri 1995. Bhat 1994 was the average for the production of eight sources in the
United States in 1987 at 55.48 MJ kg-1 (the energy intensity of N production is highly
variable depending on the type of final product; i.e. ammonia, ammonium nitrate, or
urea); West 2002 added 1.98 MJ kg-1 for transportation to arrive at an estimate of
cumulative energy equal to 57.46 MJ kg-1. Graboski 2002 cited 50.9 MJ kg-1 (LHV) for
five N sources from The Fertilizer Institute’s Energy Use Survey, 1987, which was also
previously cited by Shapouri 1995. Wang 1997 and Wang 1999 cited a study by the
Fertilizer Institute in 1992 with a value of 49MJ kg-1.
A thorough review conducted by the International Energy Agency in 2004 of
previous studies summarized the life cycle GHG emissions based on energy
consumption for fertilizer production. This review indicated whether the studies included
transportation energy consumption and the types of emissions associated with the
production of different fertilizers.76 Kongshaug 199847 documented an increasing energy
efficiency of fertilizer production in Europe, and the 54 MJ kg-1 N cited above is the
author’s estimate of the world average efficiency of urea production. Ammonium nitrate
production was cited as 46.6 MJ kg-1 N, with the best efficiency at 30.5 MJ kg-1 N. The
average efficiency of eight sources of N was 49.2 MJ kg-1.
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For our default parameters, we used world average energy use for fertilizer
production based on eight sources for N, five sources of P, and two sources of K from
Kongshaug 1998.47 Transportation energy was used from West and Marland48 for N, P,
and K and added to the production energy above to arrive at final values.
Manure N application rates in Tables 2 and 4 were determined from recent
USDA surveys.36 Manure N production by state was determined for confinement
operations including dairy, beef, swine, poultry, and other. Manure was assumed to be
distributed equally across all types of crop land for each state in the year 1997.
The energy expenditure for hauling and spreading manure N was calculated from
the FNMP$ model using the following assumptions (contact V. Bremer for more details,
vbremer2@unl.edu). Fifty percent of the land around the operations was available for
spreading manure. Livestock were fed current industry diets according UNL professors'
professional knowledge. The operation size was an estimated weighted mean operation
size for individual beef, dairy, poultry and swine industries based on the number of
animals fed in different management systems across the United States. The manure
was applied to the surface of fields at an agronomically correct 4-year phosphorus based
rate to supply N and P needs of a corn on beans rotation to support 150 bushel an acre
corn production and 60 bushel an acre soybean production. Manure application
equipment for each industry was based on the least cost equipment to apply the manure
without putting more than 2,000 hours on a single piece of equipment in one year. The
fuel use to incorporate the manure into the crop field surface is assumed to come from
the total farm fuel use value, and is not attributed to the fuel use in hauling and
spreading manure. The diesel required for hauling and spreading the manure on the field
is added to the crop production diesel. The individual industry specific fuel use per unit N
applied numbers were weighted by the amount of total N collected for each industry
across the United States in 1997.

3.1.3 Irrigation energy costs
The costs of irrigation are often included in the USDA energy use data recording the cost
of production of various crops on a state-by-state basis. Shapouri 200417 cites the
consumption rates of diesel, gasoline, electricity, natural gas, and LPG from the Energy
Use on Major Field Crops in Surveyed States.37 Farrell et al. also uses these rates.
Graboski 2002 doesn’t include irrigation energy costs explicitly but also uses an older
USDA-ERS survey of fuel consumption rates for corn. Patzek 2004 doesn’t include
irrigation energy costs in his study. Pimentel 2005 does include irrigation costs, citing his
book Handbook on Energy Use in Agriculture (Pimentel 1980). However, Pimentel 2005
also includes data from independent studies including gas, diesel, and electricity
consumption rates, thus it is likely that irrigation costs in his analysis are excessively
high because of some energy sources being counted twice.
BESS model default energy use rates include irrigation energy. Specific irrigation
energy use rates can also be factored into the life cycle calculation by setting the
appropriate irrigation levels in the itemized inputs section of the crop production input
page of the model.
The amount of water applied on average in the default scenarios was determined
by multiplying the percentage of areas that was irrigated by average irrigation rate for
those areas (Table 15). Pull down menus allow the user to select specific irrigation water
and energy sources (see Fig. 7).
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Table 15. Irrigation water applied in default scenarios, 2003.33,49

USA
NE
IA
NE-progressive

total corn
harvested,
acres
70,994,000
7,700,000
11,900,000
-

irrigated
corn,
acres
9,749,748
4,605,499
71,262
-

water
applied,
-1
feet ac
1.2
1.2
0.5
-

irrigated
area,
% total
13.7%
59.8%
0.6%
-

applied,
feet ac-1
average
0.16
0.72
0.003
-

water
applied,
avg. cm
4.9
22.0
0.1
33.3

3.1.4 Efficiency of fossil fuels
The production and distribution of fossil fuels is associated with an additional energy
expenditure and LCA requires that this additional off-site energy use be included to
determine net efficiency and GHG emissions. The efficiencies for gasoline, diesel, LPG,
natural gas, electricity are included above in Table 14. All energy input rates are divided
by these efficiencies to determine the larger amount of energy required to deliver the onsite rates for both crop production and to the biorefinery.
MJ energy input (X) / Y% efficiency = MJ consumed in life cycle

3.2 Ethanol biorefinery component of BESS
3.2.1 Transportation of grain to biorefinery
Transportation of grain from the field to the ethanol plant is currently included in a single
value taken from Farrell 2006.7

3.2.2 Thermal energy input
The majority of new ethanol plants being built in the U.S. Corn Belt are natural gas
powered dry-grind mills. Natural gas use for boilers and drying of distiller's grains, and
electricity use are shown above for natural-gas powered dry-mills based on recent
surveys (Table 10). BESS 2008.3.0 is updated with statistics from four surveys of
ethanol plants from the years 2004 to 2007: (i) a new survey by the Renewable Fuels
Association, (ii) a University of Nebraska survey of new plants across the Corn Belt, (iii)
Nebraska Department of Environmental Quality state regulatory statistics, and (iv) Iowa
Department of Natural Resources regulatory statistics. The RFA survey of 22 plants for
the production year of 2006 is the largest survey in recent years—in 2002, the USDA
performed a survey of 21 dry-mill ethanol plants in the Midwest20. The RFA survey
includes wet and dry mills powered by coal and natural gas. The RFA survey was
analyzed by Argonne National Laboratories and the survey will be announced to the
public in the spring of 2008. The University of Nebraska conducted a survey of new
natural gas powered dry-mill biorefineries across the Corn Belt; the six plants ranged in
capacity from 48-55 million gallons per year. The plants in the UNL study were all built
after 2002 and represent the state-of-the-art of the industry. The Nebraska Department
of Environmental Quality annually collects data from NE ethanol production facilities
concerning air emissions, including natural gas use. The Iowa Department of Natural
Resources also collects data related to air emissions every three years for its ethanol
plants; state statutes require this information for minor emitters while Title V emitters
must be monitored annually under federal law.
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Thermal energy use is the single most important parameter in the BESS model
for determining life cycle energy efficiency and GHG mitigation as it constitutes up to
40% of life cycle energy use. A recent USDA survey of 21 dry-mill ethanol plants in the
Midwest recorded an average value of 9.7 MJ L-120 for thermal energy for plant operation
including drying of distiller’s grains; 70% of the distiller’s grains from the plants in the
survey were dried, while 21% of cases distiller’s grains were wet, which requires less
energy to process. Thermal energy requirements for coal are also shown above.

3.2.3 Co-product outputs
Co-product distiller’s grains are produced at a rate of ~0.8 kg (90% dry matter, 10%
moisture) per liter of ethanol produced (Table 10) according to a recent survey of 21
Corn Belt dry-mill ethanol facilities.20 The model is updated with a co-product production
rate from the RFA industry survey for the year 2006. Annual proportions of DGS
produced are necessary for calculating accurate co-product energy and GHG credits
(Table 11). See cattle feedlot concerning co-product credits (section 3.3). All distiller’s
grains are fed completely and credited.

3.2.4 Biorefinery energy use in a closed-loop setting
All co-product distiller’s grains are consumed at the feedlot associated with the ethanol
biorefinery in the closed loop-system. Co-product distiller’s grains are fed wet (no energy
costs for drying) to cattle and displace other feed requirements (co-product credit for
energy displaced in feed is maintained, see section 3.3). Cattle waste is collected in an
anaerobic biodigestion (AD) system which produces methane and displaces a proportion
of the biorefinery’s natural gas requirements. The AD unit is supplied with organic matter
from livestock waste and co-product syrups (the proportion of energy off-set at the
ethanol plant is primarily dependent on co-product inclusion level in the cattle diet).
Maintaining the cattle feedlot on-site incurs no additional energy costs on the biorefinery
because it is assumed that a cattle feedlot would exist independently of the biofuel
industry. The methane from the AD unit is taken into account in the energy costs by
including an increased debit for greater capital costs and increased electricity usage to
operate the larger infrastructure (Table 9). Even though only a portion of the cattle diet is
co-products and other energy intensive feeds are required to support the cattle, all of the
manure and resulting methane produced in the AD unit can be credited to co-products to
displace natural gas, because manure would not be harvested as an energy source with
conventional open-pen feedlots. Thus, capturing the reduced carbon energy in manure
with anaerobic digestion utilizes a previously unused energy source that was traditionally
lost as part of the natural oxidation of carbon.

3.3 Cattle feedlot component of BESS: energy & GHG co-product credits
The BESS default distiller’s grain co-products are given an energy output credit of 4.13
MJ L-1 of ethanol. This calculation is based on the displacement method favored by
Graboski 200216 and Farrell et al. 20067. The displacement method assumes that the
protein-rich co-product will displace a certain amount of soybean meal and that this
dietary supplement required a certain amount of fossil fuels to produce. Graboski had
cited the National Research Council’s 2000 update, which calculated the amount of
energy required based on a cost of production (National Research Council 2000.
Nutrient Requirements for Beef Cattle, 7th Ed. Update 2000. National Academy of
Sciences Press, Washington, D.C.).
A more accurate assessment of the energy and GHG credits attributable to feeding
distiller’s grains can be determined by monitoring precise changes in cattle diets
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according to current practices for feeding corn-ethanol co-products.41 The BESS model
has a unique cattle feedlot component for determining the energy and GHG savings
attributable to co-products. The crop production and ethanol biorefinery model
components are both straightforward product systems (product systems being the focus
of life cycle assessments), and both systems produce quantitative products and require
measurable energy inputs with associated emissions. The cattle feedlot is not assumed
to be a straightforward product system, but a sink for co-products that produces a
measurable energy and GHG emissions savings in cattle feedlot operations. Animal
products are not quantified as energy outputs, and other absolute energy inputs into the
cattle feedlot are not included in the BESS LCA. Because meat is not an energy output,
feed and the energy required to run a cattle feedlot are not considered in BESS. It is
assumed that the size of the cattle feedlot industry is unaffected by the biofuel industry.
The cattle component of the BESS model calculates a partial budget of the cattle
feedlot by considering the difference between a conventional diet and the cattle diet
containing either wet distiller’s grains (with or without solubles) or dry distiller’s grains
with solubles. The cumulative co-product/feedlot energy credit is in the form of a variable
co-product credit (except when using the default co-product energy credit, when cattle
specifics are unknown, see section 3.3.3). Both types of distiller’s grains co-products
(wet or dry) displace corn and urea in the conventional diet. The crop production
component of the model is used to calculate the energy requirement to produce a unit of
corn (MJ Mg-1), and urea production energy costs are as previously estimated (Table
14). An additional fossil fuel cost for transportation and feeding co-product distiller’s
grains is be subtracted from the corn and urea energy credit to arrive at a final coproduct energy credit. The total co-product energy credit can range from 2-8 MJ/L.
The GHG credit of co-products would include the emissions saved from fossil
fuels not used to produce corn (crop production component calculates the emissions
saved) and urea that are replaced by the co-product. It also includes greater emissions
from the more energy intensive transportation of co-products depending on input
variables (Figure 16). Indirect GHG emissions saved are attributable to less methane
emissions from enteric fermentation (fewer days on feed due to changes in diet
composition). At this time, data are not available to differentiate the methane production
potential of co-products in the cattle diet relative to corn grain on a gross energy basis,
therefore, the co-products are assumed to have the same methane production potential
of corn on a DM basis. All five emissions represent the difference between feeding a
conventional diet and a distiller’s grain diet (Table 16). For simplicity, it is assumed that
conventional cattle feeding occur in an open feedlot only.
If a mixture of co-product credit types is selected, the co-product credits will be
recalculated to reflect the mixture. Annual proportions of DGS are necessary for
calculating accurate co-product energy and GHG credits.

Table 16. Energy & GHG credits from the substitution of grain with co-products
Factors
Total transport energy per kg CP
Total urea production energy per kg CP
Total corn production energy per kg CP
Enteric fermentation (CH4)
Manure (CH4) (closed-loop only)
CP = co-product produced and fed

FF Energy
variable
Less
Less
-

Emissions
variable
Less
Less
Less
Less
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3.3.1 Cattle feedlot assumptions
The feedlot component of the model utilizes the amount and type of co-product
produced by the biorefinery to calculate the number of cattle needed to utilize all coproducts produced. Users are able to input a unique situation to generate cattle
performance based on co-product type and inclusion rate from biological data collected
at the University of Nebraska. All of the cattle fed with co-product are not necessarily
assumed to be in one feedlot.40,41 Average values can also be input in the model for a
collection of feedlots that are supplied by a single ethanol biorefinery.
Cattle feeding performance is based on per animal finished to allow adjusting
feedlot size by the amount of co-product supplied in order to calculate the subsequent
total energy saved and emissions per unit of co-product produced by the biorefinery.
These calculations are driven by the annual differences in the amount of energy required
and GHG emission differences from a traditional corn based feedlot diet relative to a coproduct diet in addition to the number of days cattle are in the feed yard. For example,
cattle fed wet distiller’s grains + solubles at a 30% substitution rate will gain weight
faster, be on feed for fewer total days, and therefore emit enteric methane for fewer days
than traditional corn fed cattle. Utilizing the co-product yield per unit of ethanol produced
allows for the conversion of these energy and emission units to energy credit and
emissions mitigation per volume of ethanol produced.
Type of co-product produced by the biorefinery, historical feedlot cattle
performance from a traditional corn based diet, and co-product inclusion level (DM
basis) in the feedlot diet are used to project feedlot cattle performance. The cattle inweight and out-weight inputs are used to calculate weight gain of the cattle. The total
amount of gain is divided by the projected average daily gain to calculate days on feed.
Days on feed are used to calculate total amounts of corn, urea, and co-product
consumed by the cattle over the entire feeding period based on projected animal dry
matter intake and co-product inclusion level. The high protein distiller’s grains replaces a
portion of the urea and corn fed in a corn based diet. The differences in the amounts of
urea and corn fed in co-product based diets compared to corn based diets cattle are
used to calculate urea and corn production energy and emissions savings by using coproducts.
Fuel used to haul the co-product to the feedlot is calculated from the amount of
co-product fed based on user inputs of co-product haul distance, truck load size, and
truck fuel efficiency. A credit is given to the system for the fuel saved for not hauling the
corn the co-product replaced. The difference in feed truck fuel use to haul the co-product
diet instead of a corn diet to cattle in the feedlot is also calculated. The amount of feed a
truck can haul is based on the DM content of the diet. Wetter co-product diets contain
more water than corn based diets. The wet co-product diets will require more fuel to
deliver a larger quantity of wet feed to the cattle. However, since cattle fed co-products
perform better than corn fed cattle and are in the feedlot fewer days, they usually require
fewer days of feed truck use. The fuel efficiency to feed a corn diet is used to calculate
the fuel use for feeding a co-product diet based on the weight of feed fed to the cattle
and adjusted for days on feed. The net change in total feedlot fuel use from the use of a
co-product is calculated by combining the changes in fuel use to haul the co-product to
the feedlot and the change in fuel use to feed the co-product in the feedlot.
Enteric methane production is calculated from animal size, projected dry matter
intake, and energy content of the diet. These inputs are used to calculate gross energy
intake by the cattle with NRC, 1996 animal energy equations. An average of 2.91% of
gross energy is lost as enteric fermentation methane by feedlot cattle. Due to a lack of
data on the difference in methane production potential of distiller’s grains relative to corn,
the two feedstuffs were given the same methane production potential on a DM basis.
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However, cattle fed co-products are usually on feed fewer days, and therefore emit
methane for fewer days.

3.3.2 Co-product assumptions for the closed-loop system
The closed-loop system assumes that the cattle are fed in confinement pens. The cattle
are fed a diet of wet distiller’s grains without solubles (WDG) since the solubles are used
for methane generation in the anaerobic digester. Work from Corrigan et al. suggests
that WDG would produce 19.1% less co-product for cattle due to the change in process
from traditional wet distiller’s grains plus solubles (WDGS).43 The performance of cattle
fed WDG was estimated by comparing actual WDG feed composition data collected at
the University of Nebraska to cattle performance of WDGS based on the energy, fat, and
sulfur levels in traditional WDGS.41
The methane yield by the anaerobic digester is determined by the total mass of
organic matter excreted by the co-product fed cattle. Research shows that 7% of organic
matter is lost on the pen surface in the winter and 70% of organic matter is lost in the
summer.77 This oxidation of organic material is similar to the ~70% loss of crop residue
C in the first year due to natural oxidation.78 In general, an additional 40 to 60% of the
organic matter collected from the pen surface is lost by the time the manure is
composted. When both of these factors are accounted for, only ~15-49% of the original
excreted carbon by the cattle is transferred to the field surface. Capturing this unstable
organic resource in the closed-loop system enables it to be oxidized at the biorefinery
and not by microorganisms—however, at the expense of contributing to additional soil
organic matter if normally applied. Thus, we assume that 100% of manure organic
matter can be credited to the anaerobic digestion unit as methane feedstock for the
ethanol plant, because in other cases, the organic matter would be largely oxidized in
the natural environment and not utilized as an energy source.
When the anaerobic digester is incorporated into the system, all of the manure
methane that would have been lost if the cattle were fed in a traditional open feedlot is
assumed to be captured by the manure collection system of the anaerobic digester.
When the anaerobic digester option is utilized, the cattle are assumed to be fed in
confinement housing. Confinement housing, paired with an anaerobic digester, prevents
manure methane loss from the pen surface (5th emission variable in co-product credit,
which is specific for the closed-loop system). Organic matter excretion by the cattle and
the methane production potential of manure are used to calculate the amount of manure
methane loss that was prevented by the use of an anaerobic digester.

3.3.3 Nitrogen Fertilizer offsets from co-products
All N excreted from the co-product fed cattle and solubles is captured by the anaerobic
digestion unit in the closed-loop system. As N is applied at the same rate regardless of
capture and has associated N2O emissions, the N captured is applied as a direct
reduction in the energy and emissions associated with fertilizer N production from the
conversion of manure N to aqueous ammonia (Figure 5). The N credit to crop
production due to the confinement cattle feedlot and AD unit is equal to the proportion of
dietary N excreted by the cattle due to the inclusion of WDG in the diet minus the coproduct inclusion rate equivalent amount of N that would have been captured by an open
pen feedlot in traditional manure. The capture of N is assumed to be 85% efficient, with
a 15% loss of N from the ethanol plant to the digester to the field.79

3.4 Calculation of greenhouse gas (GHG) emissions
3.4.1 GHG emissions reductions from the production and use of ethanol
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Because biofuels are made from plant biomass, which is largely produced from
sequestered atmospheric CO2, they have the potential to reduce net GHG emissions of
transportation fuels compared to conventional fossil fuels, helping mitigate future climate
change and the expected negative effects on ecosystem services. The production and
use of ethanol has been shown to reduce net life cycle GHG emissions compared to
gasoline. Wang et al. (1999) have previously provided the most thorough analysis of the
subject, calculating the net reduction in GHG emissions on a per mile and per gallon
produced basis for E10, E85, and E95.14 They reported that a 1%, 14-19%, and a 1925% reduction in GHG emissions is achieved by the use of E10, E85, and E95,
respectively, on a per mile basis. On a per gallon basis, they reported that a 12-19%, 1724%, and a 21-27% reduction in GHG emissions is achieved by the use of E10, E85,
and E95, respectively. Two recent studies estimate (on a per gallon basis) that cornethanol reduces petroleum GHG emissions by ~13%.7,9 An analysis by Kim and Dale
(2006) reached a similar conclusion as Wang et al. (1999) that the functional unit of the
GHG analysis (per mile or per gallon produced) has a significant effect on the resulting
net emissions.80

3.4.2 GHG emission factors and global warming potentials
Anthropogenic GHG emissions (industry, transportation, etc.) produced from the burning
of fuel sources has been recently examined, and base-line values have been compiled
to determine an inventory of a country’s emissions for compliance with the Kyoto
Protocol (http://unfccc.int/). The 2006 IPCC Guidelines for National Greenhouse Gas
Inventories provides an internationally accepted framework and default values for the
estimation of emissions by fuel source and mechanical source (e.g. stationary boiler,
field tractors, etc.).70 As the production of biofuels requires energy inputs, the 2006 IPCC
values are used as default values for calculating the life cycle emissions from fossil fuels
in the BESS model. Each fossil fuel used has its own characteristic emissions of CO2,
CH4, and N2O, the three leading GHGs (Table 14). Other emission factors were used for
the calculation of environmental methane production from livestock enteric
fermentation70 and manure63,70,70,81 (Table 14). The climate impact of GHGs can be
calculated as CO2-equivalents by a metric called Global Warming Potential (GWP).69
The 100-yr GWPs of CH4 and N2O are 25 and 298 times the intensity of CO2 on per
mass basis, respectively. Thus, N2O emissions by mass have a disproportional effect on
the total GHG emissions in the production of ethanol.
BESS calculates total CO2eq emissions by computing the total quantity of
material input for crop production or biorefinery operation, its total embodied energy or
heating value, and the associated total GHG emissions associated with that production
input quantity. Emissions of GHGs from electricity generation in 2005 were determined
from the net generation of 3902 billion kWh71 resulting in 2429.8 billion kg72 of CO2equivarlent emissions, including CO2, CH4, N2O, and SF6; resulting in 623 kg CO2eq
MWh-1 (Table 17).

Table 17. GHG emissions from electricity production in the USA in 2005.72
CO2
SF6
CO2+SF6
N2O
CH4

CO2e, Tg
2405.8
13.2
2419
10
0.7

kg CO2e/MWh
616.6
3.4
619.9
2.6
0.2
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3.4.3 Direct and Indirect N2O and CH4 emissions

The BESS model accounts for three important non-fossil fuel GHG emissions: (1) N2O
emissions from nitrogen fertilizer from synthetic sources and manure in crop production,
and associated indirect emissions, 2) CH4 emissions from cattle enteric fermentation (the
difference between feeding distiller’s grains and feeding a conventional diet), and 3) CH4
emissions from manure (the difference between open lot and confined feedlot in the
closed-loop system). These emission rates are determined based on the 2006 IPCC
analyses, and published values in the scientific literature.
Total N2O emissions from applied N in the cropping system are calculated based
on Tier 1 IPCC calculations. Direct N2O emissions are considered 1% of applied N in
applied fertilizer and manure N, and 1% of the N contained in corn aboveground
residues left in the field (Table 14.B, emission factor is 1% of applied N-kg is N2O-Nkg).70 Another source of direct emissions come from corn residues returned to soil after
harvest. The N contained in these residues contributes to N2O emissions when they
decompose and undergo N mineralization mediated by soil microbes. Default values in
the BESS model assume a harvest index (grain yield/total aboveground biomass yield)
of 0.5 on an oven-dry basis. Therefore, corn residue yield is to equal to grain yield (GY)
corrected for moisture content (note that reported corn grain yields are based on 15.5%
moisture content). In the IPCC calculations, nitrogen in above ground and below ground
residue is estimated as 0.06% and 0.07% by weight, respectively, and 1% of residue N
is lost as N2O (root mass is 22% of dry above ground mass). Indirect emissions are
based on the amount of N lost via volatilization and leaching/runoff (Table 14.B).70
Following IPCC emission factor guidelines, it is assumed that 10% of the applied
fertilizer N and 20% of applied manure-N is lost to via volatilization, and of this quantity,
1% is denitrified to N2O (Table 18). For leaching/runoff N, the IPCC default assumes that
30% of the applied N is lost via leaching/runoff in agroecosystems where the [rainfall pan evaporation] exceeds soil water holding capacity during the rainy season, and that
of this amount of N loss, 0.75% is denitrified. Most of the USA Corn Belt falls into this
hydrological category. If not, it is under irrigation, so that the 30% leaching N loss via can
be applied to a vast majority of corn acres.

Table 18. N2O emissions from nitrogen fertilizer (Nf) and manure nitrogen (Nm).
Direct
Indirect
N applied
0.01(Nf+Nm)

crop residue*
volatilization
leaching/runoff
(G)(84.5)(0.006)(0.01)+
(0.1)(0.01)(Nf)+
(0.3)(0.0075)(Nf+Nm)
(G)(84.5)(0.22)(0.007)(0.01) (0.2)(0.01)(Nm)
N2O-N kg = 0.01(Nf-kg+Nm-kg) + 0.0000507(G-kg) + 0.000013(G-kg) + 0.001(Nf-kg) +
0.002(Nm-kg) + 0.00225(Nf-kg+Nm-kg)

Input values for Nf and Nm are in kilograms N ha-1. G = Grain, total amount at 15.5% moisture in
kg. *comprises aboveground and root biomass.

3.4.4 Net GHG emissions relative to gasoline calculated by BESS
After calculating the total emissions for a given crop production zone and biorefinery, the
GHG emissions relative to the energy equivalent amount of gasoline can be calculated.
Then this is used to determine the amount of emissions saved by the biofuel compared
to gasoline. The life cycle GHG emissions of gasoline are determined for its production,
transportation, and inherent carbon content of the fuel and is the baseline fuel emissions
for comparisons.32,74
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3.4.5 Calculating GHG reductions for emissions trading
The BESS model can estimate the carbon off-set credit for a particular ethanol plant and
its production region. The model calculates the emissions credit as described in the
equations below figure 17. The total annual production of ethanol for a single biorefinery
is calculated into an energy equivalent of gasoline (66.2% vol. vol.-1). This quantity of
gasoline is associated with a quantified CO2eq emission. Ethanol is produced from the
sequestered atmospheric carbon in corn grain, and when burned, the carbon released is
a neutral addition to the atmosphere. However, fossil fuels are used in the production of
the crop and the conversion process. The BESS model calculates an emissions
inventory from the corn-ethanol production system, and subtracts those emissions from
the (greater) emissions from the comparable gasoline system. This amount is the
emissions reduction from the biofuel. The emissions saved by the ethanol system is then
multiplied by market value carbon off-set; as determined by, for example, the Chicago
Climate Exchange (www.chicagoclimateexchange.com/) (Table 19). Fermentation CO2
is considered neutral and is not included in the analysis.

Table 19. Calculations of the GHG emissions credit for scenario #5 (NE wetDG)
Factor
Baseline--Gasoline total emissions
Ethanol production-FF
Ethanol production-N2O
Ethanol production-C sequestration
Co-product emissions credit
Ethanol distribution
Emissions saved
CO2 emission reduction
Carbon offset credit

Unit
Mg
Mg
Mg
Mg
Mg
Mg
Mg
%
$

GHG (CO2eq)
735,715
349,330
113,593
0
-194,902
11,196
456,499
735,715
1,825,995

Assumes a 100 million gallon (379 million liter) biorefinery annual capacity.
**$4 per metric ton CO2, Dec. 2006, www.chicagoclimateexchange.com/
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