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Abstract

Studies conducted since the late 1970’s have estimated the net energy value of corn
ethanol. However, variations in data and assumptions used among the studies have
resulted in a wide range of estimates. This study identifies the factors causing this
wide variation and develops a more consistent estimate. We conclude that the net
energy value of corn ethanol has become positive in recent years due to technologi-
cal advances in ethanol conversion and increased efficiency in farm production. We
show that corn ethanol is energy efficient as indicated by an energy ratio of 1.24.
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Summary

The U.S. ethanol industry grew from practically zero production in the late 1970's

to over 1 billion gallons in 1994, spurred by national energy security concerns, new
Federal gasoline standards, and government incentives. Production of ethanol is
energy efficient, in that it yields nearly 25 percent more energy than is used in grow-
ing the corn, harvesting it, and distilling it into ethanol.

Growth in ethanol production has provided an economic stimulus for U.S. agricul-
ture, because most ethanol is made from corn. The increase in ethanol demand has
created a new market for corn, and agricultural policymakers see expansion of the
ethanol industry as a way of stabilizing farm income and reducing farm subsidies,
while freeing the U.S. economy from its dependence on imported oil. Increasing
ethanol production induces a higher demand for corn and raises the average corn
price. Higher corn prices reduce farm commaodity program payments and the partici-
pation rate in the Acreage Reduction Program.

Today’s higher corn yields, lower energy use per unit of output in the fertilizer
industry, and advances in fuel conversion technologies have greatly enhanced the
economic and technical feasibility of producing ethanol compared with just a decade
ago. Studies using older data may tend to overestimate energy use because the effi-
ciency of growing corn and converting it to ethanol has improved significantly over
the past 10 years. The net energy value (NEV) of corn ethanol was calculated as
16,193 Btu/gal when fertilizers are produced by modern processing plants, corn is
converted in modern ethanol facilities, farmers achieve normal corn yields, and ener-
gy credits are allocated to coproducts.

Moreover, producing ethanol from domestic corn stocks achieves a net gain in a
more desirable form of energy. Ethanol production uses abundant domestic supplies
of coal and natural gas to convert corn into a premium liquid fuel that can displace
petroleum imports.

The initial impetus for ethanol commercialization came when the 1970’s oil embar-
goes exposed the vulnerability of U.S. energy supplies. Fuel ethanol was seen as a
gasoline extender; mixing it with gasoline was considered a means of extending the
Nation’s gasoline supply. Later, ethanol established a role as an octane enhancer as
the Environmental Protection Agency (EPA) began to phase out lead in gasoline.
More recently, ethanol production received a major boost with the passage of the
Clean Air Act Amendments of 1990. Blending ethanol with gasoline has become a
popular method for gasoline producers to meet the new oxygen requirements man-
dated by the act.
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Introduction Public policies aimed at encouraging ethanol develop-
ment are largely motivated by the Nation’s desire to

Ethanol production in the United States grew from just improve air quality and enhance energy security. In

a few thousand gallons in the mid-1970's to over 1 bil- addition, agricultural policymakers see the expansion of
lion ga"ons in 1994. National energy Security con- the ethanol industry as a means of stabilizing farm
cerns, new Federal gasoline standards, and governmenincome and reducing farm subsidies. Increasing
incentives have been the primary stimuli for this growth €thanol production induces a higher demand for corn
(Lee). In addition, government and privately sponsoredand raises the average corn price. Higher corn prices
research has resulted in new technologies that loweredreduce farm commodity program payments and the par-
the cost of large-scale production of ethanol made fromticipation rate in the Acreage Reduction Program.

corn (Hohmann and Rendleman). The initial impetus

for ethanol commercialization came during the 1970's. Energy Balance Issue

The oil embargoes of 1973 and 1979 created much con-

cern over the security of our Nation’s energy supplies. While the Government’s commitment to ethanol has
Fuel ethanol became attractive as a gasoline extender been welcomed by agricultural interests and the ethanol
and was considered as a means of extending the industry, critics question the rationale behind policies
Nation's gasoline supply. About the same time, the  that promote ethanol for energy security benefits, often
Environmental Protection Agency (EPA) was looking  citing that corn ethanol has a negative net energy value
for a replacement for lead additives used as octane  (Pimentel and Ho). That is, the liquid fuel and other
boosters in gasoline. Because of its high octane con- energy sources required to grow and convert corn into

tent, ethanol soon established a role as an octane ethanol are greater than the energy value present in the
enhancer (Lee and Conway). ethanol fuel. This implies that corn ethanol is not an

energy substitute and that increasing its production does
More recently, ethanol production received a major little to displace oil imports and increase energy securi-
boost with the passage of the Clean Air Act ty.

Amendments (CAA) of 1990. Blending ethanol with

gasoline has become a popular method for gasoline pr@thers argue that although energy balance is of some
ducers to meet the new oxygen requirements mandatedoncern, it is not the major issue for addressing energy
by the CAA (see box). Provisions of the CAA estab- security. What really matters is that the production of

lished the Oxygenated Fuels Program and the ethanol can achieve a net gain in a more desirable form
Reformulated Gasoline Program in an attempt to con- of energy (Department of Energy; and Anderson et al.).
trol carbon monoxide (CO) and ground-level ozone In other words, abundant domestic energy supplies,

problems. Both programs require certain oxygen levelssuch as coal and natural gas, can effectively be used to
in gasoline: 2.7 percent by weight for oxygenated fuel convert corn into a premium liquid fuel that replaces
and 2.0 percent by weight for reformulated gasoline.  imported petroleum. This approach reduces the energy
. balance issue to just looking at the energy value of the
Shapouri and Duffield are economists with USDAs Economic liquid fuels used in the production of corn ethanol.
Research Service. Graboski is director of the Colorado Institute for However, some researchers prefer a comprehensive

Fuels and High Altitude Engine Research, and professor of chemi- :
cal engineering at Colorado School of Mines, Golden, CO. approach and include all the energy sources used to
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Clean Air Act Amendments of 1990

The Clean Air Act Amendments of
1990 (CAA) target automobile fuel

2.7 percent by weight. Control periods The CAA also requires the use of ox

vary by city because most CO viola-

emissions as a major source of air pol-tions occur during the winter. The

lution. The Act mandates the use of

cleaner burning fuels in the smoggiest

U.S. cities. The oxygen requirements
of CAA spurred a market for oxy-
genates and created new market
opportunities for ethanol. The

Oxygenated Fuels Program targets 39

cities that do not meet National
Ambient Air Quality Standards for
carbon monoxide (CO). CAA man-
dates the addition of oxygen to gaso-
line to reduce CO emissions. It

average control period is about 4
months. The most widely used oxy-
genate in the market today is a
methanol-derived ether, MTBE, which
is made mostly from natural gas.

However, most major gasoline refiners sold in nine ozone nonattainment
are also using ethanol to meet gasolineareas year round. Other provisions ir

oxygenate content requirements. In
1993, about 300-350 million gallons

of ethanol were blended with gasoline to “opt in” to the RFG program.
Under a total opt-in scenario, as mugh

and sold in markets covered by the
Oxygenated Fuels Program.

genated fuels as part of the reformu-
lated gasoline (RFG) program for cor
trolling ground-level ozone formation

This program requires an oxygen levgl

in gasoline of 2.0 percent by weight.
Beginning in January 1995, reformu-
lated gasolines were required to be

the Act allow as many as 90 other
cities with less severe ozone pollutiop

as 70 percent of the Nation’s gasolin

requres an oxygen level in gasoline of could be reformulated.

produce ethanol in their energy use estimates. They
argue that conclusions about potential domestic energy
gains from ethanol production would be incomplete if
only a part of the total energy system is assessed
(Pimentel). We use both approaches in our analysis.

Review of Recent Studies

Table 1 shows the wide variation in the NEV estimates
of several recent studies. Since some studies use low
heating values (LHV) and others use high heating val-
ues (HHV), the energy estimates for ethanol conversion
The energy balance issue first surfaced in the mid- are not always directly comparable due to scale differ-
1970's when ethanol began to receive attention as a  ences. High heating value, also called gross heating
gasoline extender. Studies at that time that analyzed thgalue, is the standard heat of combustion referenced to
energy benefits of substituting ethanol for gasoline gen-water of combustion as liquid water. Low heating

erally concluded that the net energy value (NEV) of  value, also called net heat of combustion, is the stan-
corn ethanol was slightly negative (Ethanol Study dard heat of combustion referenced to water of combus-
Committee; and Chambers, Herendeen, and Penner). ltion as water vapor. Energy balance calculations may
the late 1980’s, environmental concerns placed ethanolbe made using either basis as long as the basis is con-
in the spotlight once again and energy balance studies sistently applied. Moreover, NEV estimates are compa-
resurfaced. However, there was a considerable amountable regardless of the heating value used. Pimentel
of variation in the findings of these reports. This wide reports the lowest NEV for corn ethanol among the
variation relates to various assumptions about farm pro-studies: based on a low heating value scale, he calculat-
duction and ethanol conversion. Furthermore, the ed that the total energy input to produce 1 gallon of
researchers used data from different time periods. ethanol is 131,017 British thermal units (Btu).

Studies using older data may tend to overestimate enercompared with the LHV of ethanol, 76,000 Btu, this is
gy use because ethanol manufacturing and farm produc net energy loss of 55,017 Btu per gallon. Even when
tion technologies have become increasingly energy effi-coproducts were considered, Pimentel still estimated a
cient over time. To make matters worse, it is often dif- net energy loss of around 33,517 Btu/gal. Keeney and
ficult to determine why results differ from study to DeLuca also reported a negative NEV for an average
study because the reports often lack certain details on farm, but the energy deficit was only 8,431 Btu/gal.
their calculation procedures. The purpose of this reportkeeney and Del.uca do not consider corn processing

is to identify the methodological differences creating  byproducts, but they show that a positive energy bal-
the inconsistencies among study results and provide a ance can be attained with low-input corn production.
more consistent estimate for the NEV of corn ethanol. Marland and Turhollow reported that it requires 73,934
Btu (HHV basis) to produce a gallon of ethanol assum-
ing conversion takes place in the best ethanol facilities
available today. When energy use is allocated to the
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Table 1--Energy input assumptions of recent corn-ethanol studies

Nitrogen Inputs for Corn ethanol Ethanol Total Coproducts’ Net
Study/year Corn fertilizer nitrogen conversion conversion energy energy energy
yield application rate fertilizer rate process use! credits* value*
bu/acre Ib/acre Btu/lb gallbu eeeeeea oo Btu/gal - - ------- ----
Pimentel (1991) 110 136.0 37,551 2.50 73,687 (LHV) 131,017 21,500 -33,517
Keeney and
DelLuca 119 135.0 37,958 2.56 48,434 (LHV) 91,127 8,072 -8,431
Marland and
Turhollow (1991) 119 127.0 31,135 2.50 50,105 (HHV) 73,934 8,127 18,324
Morris and
Ahmed (1992) 120 127.0 31,000 2.55 46,297 (LHV) 75,297 24,950 25,653
Ho (1989) 90 NR NR NR 57,000 (LHV) 90,000 10,000 -4,000
This study (1995) 122 124.5 22,159 2.53 53,277 (HHV) 82,824 15,056 16,193
Average 113 129.9 31,961 NA NA NA NA 2,373

NR: Not reported

NA: Average values ar enot appropriate in this case because studies using high heat values cannot be directly compared with studies
using low heat values. This study and the Marland and Turhollow study used high heat values and the others used low heat values.
LHV: Low heat value--76,000 Btu per gallon of ethanol.

HHV: High heat value--83,961 Btu per gallon of ethanol.

1The midpoint is used when studies report a range of values.



coproducts made during the ethanaha@rsion process,
such as gluten meajluten feegdand corn oilthey con-
clude that the NEV of corn ethanol is 18,324 Btu/gal.
The mostfavorable NEV estimatevas deived by
Morris ard Ahmed They found a posite net engyy
balance of 703 Btu/gal for theswerage caseven
without including eneyy from coproducts When
adding enmy coproduct creditghey estimated a net
enggy gain of 25,653 Btu/gal.

Differences among these studies are relatedrious
assumptions about corn yie]a@thanol coversion tech-
nologies fertilizer manufacturing féiciency, fertilizer
application ratescoproductevaluation and the number
of enagy inputs included in the calculationsor
example there is about a 60,000 Btu/gaffdrence in
the results of Pimentel and Morrisceshmed With
respect to gwing the cornpPimentel reports that it
requires 57,330 Btu/gal compared with Morris and
Ahmeds 28,917 Btu/gal. Both studies use the same
basic inputssuch as fertilize pesticidesand fue) but
Pimentel also includes the egg value embodied in
farm machiney. Another factor that makes Pimensel
estimates higher is that he uses a natiewedage corn
yield based on pre-1989 data of only Hl@ac. Morris
and Ahmed use 120u/ag which is based on data from
more recent yearsYields rave been increasingver
time, so it is important to use current data to estimate
average yield.

The time period for which information was collected on
fertilizer plants makes affierence in ergy require-
ments among the studiebor example Keerey and
DelLuca report the highest egg estimate for fertilize
almost 38,000 Btu/gaand their source of data is a
1980 study by bvring and Mcwell. The more

recent studies by Marland @iurhollow and Morris

ard Ahmed report jusbver 31,000 Btu/gal.

Fertilizer application rates can alsokeaa dfference in
enggy use estimated-or example Pimentels nitrogen

Morris ard Ahmeds estimate. Much of thisféierence
may be related to the data collection periods ofwlee t
studiesAlthough Pimentéb reportwas published in
1991 his enegy use estimates for processing come
from studies conducted in the early and mid-1980
(Enegy Researlc Advisory Board and National
Advisory Panel). Morris ad Ahmeds estimates reflect
todays ethanofacility which usedar less ermgy than
the typical ethanol plant of 10 years ago. Most ethanol
plants in production todayahe beerextensvely mod-
ernized and represent mesiate-of-the-art technolgg
The second major fierence between thevt studies is
that Pimenték estimates include emyy expended on
capital equipment. Pimentelestimate for awerting
ethanol is about 7,000 Btu/gal higher because it
includes enmyy for steelcementand other materials
used to construct the ethanol plasimponents not
included in the Morris ahAhmed stug. Pimentel also
uses adwer ethanol coversion rate—Pimentel uses
2.50 galbu compared with Morris @hPAhmeds 2.55
galbu.

The lagevariation in coproduct emgy credits listed in
table 1 is related to the spicicoproducts included in
each analysis. Coproducts depend on the milling
process used for the analysis. Distilleiged grains
with solubles (DDGS) is a dry milling coproduethile
corn oil, corn gluten meal (CGM@and corn gluten feed
(CGF) are deved from wet milling. Both dry and wet-
milling emit carbon dioxide (C§), but Morris and

Ahmed are the only authors to include it in their analy-
sis. Some studies (Morris @Ahmed and this study)
include both wet and dry milling coproducts and weight
coproduct engyy credits based on the industmerage,
i.e,, wet milling accounts for about two-thirds and dry
milling one-third of total ethanol output (Hohmann and
Rendleman). Pimentel uses only DD@/ile Keerey
and DelLuca and Marland @furhollow use just the
coproducts from wet milling. Hoiges enggy credits

for fusel oil (boiler fuel)aldehydesand DDGS. In
addition to using diferent coproductsauthors also use

requirement is more than 5 million Btu/acre—more thendifferent methods for estimating coproduatues,

1 million Btu/acre higher than Morris ddhmeds
nitrogen estimate. Pimentelapplication rate for phos-
phorus is 67 pounds per acre compared wittb88and
57 pounds per acre for MorrisdaAhmed Marland and
Turhollow, andKeerey and DelLucarespedtely.

Assumptions about ethanolre@rsion facilities difer
greatly among the studie$:or example Pimentels

which have a major influence on the results. Options
for estimating coproduatalues are discussed in more
detail bebw.

Estimating Net Energy Value

Estimating the engy input for determining the NEV of
corn ethanolnvolves adding up all the ergy required

fuel processing estimate is 27,390 Btu/acre higher thanto grow corn and to process it into ethanol. Most stud-

4
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ies, including this one, include only primary energy trillion Btu by 1989. The decline in energy use in agri-
inputs in their NEV estimates. Secondary inputs, such culture since 1978 is largely attributed to the replace-

as energy required to build ethanol facilities and pro- ment of gasoline-powered farm vehicles with more

duce transportation equipment are extremely difficult to fuel-efficient diesel engines.

guantify. For example, collecting data on the energy

embodied in an ethanol plant would require a tremen- While energy use has been declining, there has been a
dous amount of data on a wide range of building mate- rising trend in corn yields. Figure 1 shows that with the
rials. It would be necessary to allocate this energy exception of a few bad years, annual corn yields have
among all the products manufactured in the plant over been increasing since 1975. The large downward

its lifetime. After going through all this trouble, the spikes in 1983, 1988, and 1993 were caused by adverse

final result would add very little to the total energy weather. Droughts caused unusually low yields in

value of a gallon of ethanol. 1983 and 1988, and in 1993 the Midwest experienced a
devastating flood. Higher yields without corresponding

Data Trends increases in energy use indicate that resources are being

used more efficiently. The farm energy use index, an
Reliable data are required to estimate the NEV of corn efficiency measurement for fuel and electricity used on
ethanol. This analysis uses farm production data from U.S. farms, has improved significantly in recent years:
USDAs 1991 Farm Costs and Returns Survey (FCRS) it fell from a high of 125 in 1978 to 93 in 1989 (fig. 2).
to estimate energy values for farm inputs such as gaso-
line and diesel fuel use, fertilizers, and other chemicals Fertilizer use in grain production rose for many years
(Ali and McBride). It is important that the most current but lately has appeared to be in decline (Taylor).
data be used to estimate the NEV of ethanol because Nitrogen use per planted acre of corn declined from
the efficiency of growing corn and converting it to 140 pounds per acre in 1985 to 123 pounds per acre in
ethanol has improved significantly over the past 10 1993. Phosphate use declined from 60 to 56 pounds
years. Higher corn yields, lower energy use per unit of per acre, and potash use declined from 84 pounds per
output in the fertilizer industry, and advances in fuel acre to 79 pounds per acre during the same period.
conversion technologies have greatly enhanced the eco-
nomic and technical feasibility of producing ethanol.  In addition, the manufacture of agricultural chemicals
has become more energy efficient. The fertilizer indus-
Total energy used in agriculture including pesticides, try, for example, has undergone a major technological
fertilizers, other chemicals, liquid fuels, natural gas, andadvancement in the last decade, and U.S. farmers have
electricity increased from 1,499 trillion Btu in 1965 to  gained substantial real energy-saving benefits in terms
2,155 trillion Btu in 1978, and then declined to 1,550 of nitrogen and phosphorus (Bhat et al.). Energy saving

Figure 1 Figure 2
U.S. corn yield, 1975-94 Energy use index for U.S. farms, 1975-89
Bushels per acre Torngvist index
150 150
il = N
90 00
60 60
30+ 30+
O | | | | | | | | | | | | | | | 0
1975 1980 1985 1990 1994 1975 1980 1985 1989
Source:USDA, National Agricultural Statistics Service. Source:USDA, Economic Research Service
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for producing nitrogen has been especially important
since it has a much highaverage engy requirement

than phosphorous and potash fertilizers. Bhat et al. re-

ported that from 1979 to 198fhe enegy consumed in

are based on coal generatidiVe then determinedaw
much engyy is required from each input to produce a
bushel of corn All thermal inputs and outputs in this
study are made on a gross high hediie basis The

producing nitrogen fertilizers declined about 11 percentchoice of basisas long as it is applied in a consistent

fashion does not Hect theoverall results The enegy

Making ethanol from corn also has become more ener-required for hauling these inputs to fiaem from local

gy dficient. Hohmann and Rendleman reported that a
shift in production to lager plants and the adoption of

enggy-saving innovations reduced the processing ener-

gy required to produce a gallon of ethanol from
120,000 Btu in 1981 to 43,000 Btu in 199%fd#s by
the industry to consee electricity lave resulted in sub-
stantial ensy savings. In 1980for example ethanol
plants used 2.5 to 4.0 &ivatthours (kWh) of electricity
per gallon of ethanalersus 0.5 kWh used by today
modern facilities. Modern facilities conserenegy by
utilizing cogeneration facilities that produce steam and
electricity simultaneougl Advances in alcohol dehy-
dration tave also yielded considerable egye savings
(Hohmann and Rendleman).

Estimating Energy of Farm Inputs

Estimates ofarm enegy use are based on data from
the 1991Farm Costs and Returns Say. The FCRS
provides State data on diesghsoline electricity, and
natural gas used on tf@m This study focuses on the
major corn-producing Statels, 1A, IN, NE, MN, OH,
MI, WI, and SD (Ali and McBride) These nine States
account for about 82 and 93 percent of U.S. corn and
ethanol productiorrespedtvely. Focusing on these
States is an imprementover maly past studies that
included data fronevery State to estimate farm egg
use. Using a U.Swverage distorts results because it
includesfarm production data from States that do not
produce grain for ethanol usé/e weightedarm input
use by corn acreage planted in each State to estimate
average engly input kvel for corn production (table 2).
The 1990-92 Stataverage corn yield of 12Bu/ac was
used to caovertfarm inputs from a geacre basis to a
per-bushel basis.

Table 3 sbws the enmyy used by farm inputs to pro-
duce abushel of corn for each State and a 9-State
weightedaverage The inputs ardirst cawerted to
Btu/bu of enegy by multiplying each input by its high
enggy heatvalue e.g, a gallon of diesel fuel has
137,202 Btua gallon of gasoline has 125,073 Bdu
cubic foot of natural gas has 1,021 Btu and awkikt
hour of electricity has 12,456 Btu. Data for electricity

retailers is included in thealues in table 3. Electricity
used on théarm is adjusted for transmission loss by a
factor of 1.203 (BA).

The actual amount of chemicals (eggsticides and
herbicides) applied to corn acreage is noviged by

the FCRS$but the suvey does collect information on
chemicalexpenditures Theseexpenditures were con-
verted to pounds of herbicides and insecticides based
on number of acres treated and chemical prices. Pounds
of chemicals were then oeerted to engy using

Pimentels Btu estimates of chemicals used in corn pro-
duction. Estimates of the primary feedstocks used to
manufacture farm chemicals are 60 percent@ilper-

cent natural gasnd 17 percent electrigit Electric

power was assumed to be produced from coal. It re-
quires about 180,000 Btu to produce a pound of insecti-
cide or herbicidgincluding transportation ergy.

Enegy used for manufacturing nitrogen fertilize
potash and phosphate is based on informaticovioted

by the Fertilizer Institute. It requires 22,159 Btu to pro-
duce a pound of nitrogef,245 Btu for a pound of
potashand 4,175 Btu for a pound of phosphate. More
than 90 percent of the engg in the applied fertilizer is

in the form of nitrogenwhich is manufactured almost
completely from natural gasThe enegy embodied in
phosphate includes 47 percent elecyj@f percent
diese] and 26 percent natural gashe enegy invested

in potash is 42 percent electrici81 percent diesel

duel, and 27 percent natural gas. Ejeused for pro-
ducing lime is 620 Btu/lb (Bld@nhorn et al.).

The enggy value of gowing seed is assumed to be
equal to 150 percent of the egg required to gw

corn. Corn seed uses more rgyethan egular corn
because there is an additional storage and packaging
cost Also, it takes more engy to haul the seed from a
local seedarm to retailers and from retailers to corn
farmers. Enegy used for planting the seed and other
farm actvities such as land preparatjgtowing, weed-
ing, distribution of fertilizer and chemical&rigating,
haivesting and drying are included in the totdhrm
fuels and electricity estimates.

Estimating Net Energy Balance of Corn Ethanol / AER-721
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Table 2--Energy-related inputs used to grow corn in 9 States and 9-State weighted average

9-State
weighted
Item Unit average IL IN 1A MN NE OH Ml SD WI
Seed Kernels/acre  25,501.86 25384 24827 25150 26804 26546 26185 25274 22115 26310
Fertilizer:
Nitrogen Pounds/acre 124.50 156 143 119 79 142 122 127 68 107
Potash Pounds/acre 52.77 78 64 47 55 23 59 a7 26 63
Phosphate  Pounds/acre 58.17 20 108 49 57 3 91 63 11 45
Lime Pounds/acre 242.18 480 340 280 40 0 140 680 0 120
Energy:
Diesel Gallons/acre 6.85 4 5 4 5 18 5 7 6 8
Gasoline Gallons/acre 3.40 4 4 3 3 4 3 3 3 3
LPG Gallons/acre 3.42 2 2 5 4 4 4 3 5 2
Electricity kWh/acre 33.59 12 28 5 28 97 10 11 86 69
Natural gas Cubic ft/acre 245.97 60 10 0 0 1610 10 50 0 10
Custom work Dol./acre 6.68 8 6 7 5 6 5 4 4 16
Chemicals Dol./acre 23 23 28 24 21 23 21 21 14 21
Custom drying Dol./acre 1.79 1 2 2 2 2 1 2 0 1
Avg. yield Bushels/acre 121.90 128 120 130 119 130 120 110 79 114




Energy used in transporting production inputs to the  Estimating Energy for

farm is based on an average distance of 500 miles by Corn Transport

river and 150 miles by truck. This translates into 274

Btu per river-ton-mile, and 2,000 Btu per highway-ton- We assumed that 25 percent of the corn was delivered

mile (DeLuchi). Barge transportation is a common up- directly from the farm to ethanol plants, with the

stream mode of transportation for delivering fuels, fer- remaining 75 percent transported from farms to ethanol

tilizers, and agricultural chemicals. Trucks are used to plants via grain elevators. The estimated trucking dis-

haul these materials from river ports to wholesalers  tance from elevator to plant is 100 miles round-trip.

where they are sold to farmers. We assumed that truck$he diesel fuel requirement is about 2,000 Btu per ton-

and barges are able to haul other products on their mile for a loaded truck and 1,000 Btu per ton-mile to

return trip, so those miles are not entered into the calcureturn the empty truck. It requires 3,150 Btu per bushel

lations. to haul corn to the plant. Each gallon of ethanol pro-
duced in a dry mill uses 1,212 Btu of diesel fuel for

The total energy required per bushel of corn by State hauling corn to the plant. A wet mill uses 1,260 Btu of

and the weighted average of the nine States are showndiesel fuel for each gallon of ethanol produced.

on the bottom of table 3. Total Btu of energy per

bushel of corn varies from about 41,000 Btu in Estimating Energy for

Minnesota to over 81,000 Btu in Nebraska. Corn pro- Ethanol Conversion

duction in Minnesota, lowa, and Ohio requires less

energy than in other States because they can achieve Ethanol production facilities include both wet milling

relatively high yields without irrigation. In contrast, and dry milling operations. Dry mills are usually
direct energy use (gasoline, diesel, electricity, natural - smaller and are built primarily to manufacture ethanol.
gas, and LPG) for corn production in Nebraska Wet mill facilities are “corn refineries,” producing a

accounts for about 48,000 Btu per bushel. More than host of high-valued products such as high-fructose corn

75 percent of the area planted to corn in Nebraska  syrup (HFCS), dextrose, and glucose syrup. Since both

requires irrigation. wet and dry milling are used to convert corn to ethanol,
our energy conversion estimates are weighted accord-

The estimates up to this point do not consider the ener-ingly. Wet milling accounts for about two-thirds of

gy inputs required to mine, extract, and manufacture theJ.S. ethanol production and dry milling accounts for

raw materials into the final energy product. The sum ofabout one-third.

these energy values must be added to the values in table

3 to estimate the total energy associated with each farnThermal and electrical power are the main types of
input required to produce a bushel of corn. Input effi- energy used in both types of milling plants. Currently
ciencies for fossil energy sources, which have been  mgst corn processing plants generate both electrical and
developed by EPA and adjusted for this study, were  thermal energy from burning coal. A few plants gener-
used to calculate these additional energy input values. ate only steam; electricity is purchased from a utility.

For example, the energy efficiency of gasoline is 1.349 Electricity is used mostly for grinding and drying corn.
(table 4). Multiplying 1.349 by 3,493 Btu, the gasoline Thermal energy is used for fermentation, ethanol recov-

energy requirements shown in table 3, results inthe  ery, and dehydration. Flue gas is used for drying and
total energy input requirement for gasoline (table 4). Instjllage processing.

addition, the energy contents of fertilizer and other farm

inputs are adjusted by the energy efficiencies for the  \jodern wet milling plants are able to produce 1 gallon
fossil fuels used in their production. Since a number of 5t ethanol with 35,150 Btu of thermal energy and 2.134
fuels may be required to manufacture the various farm |\ of electricity per gallon of ethanol production. If
inputs, the input efficiencies are weighted by each enery,glecular sieves are used, the thermal input drops to
gy source or feedstock. Adjusting all the inputs in table32,150 Btu per gallon. DeSpiegelaere reported that of
3 results in a 9-State weighted average of 59,765 the total thermal energy, 7,000 Btu/gal and 1.16 kWh
Btu/bu (table 4). were related to drying high-grade germ, fiber, and
gluten. On average, wet mills produce 2.5 gallons of
ethanol per bushel.

8 Estimating Net Energy Balance of Corn Ethanol / AER-721



T2/-43v / loueyig uloD Jo souefeg Abisug 189N Bunewns3

Table 3--Energy requirements of farm inputs for 9 States and 9-State weighted average

Weighted
ltem IL IN 1A MN NE OH MI SD Wi average
Btu per bushel

Seed 170 189 141 148 271 162 217 290 211 186
Fertilizer:

Nitrogen 26,995 26,356 20,322 14,671 24,228 22,382 25,719 19,163 20,828 22,631

Potash 757 660 452 576 218 609 529 411 693 539

Phosphate 2,936 3,743 1,580 2,011 85 3,142 2,390 588 1,635 1,992

Lime 2,331 1,757 1,335 208 0 721 3,839 0 654 1,232
Energy:

Diesel 4,793 5,843 4,686 5,427 18,881 5,131 8,620 10,650 9,184 7,713

Gasoline 3,439 3,710 3,281 3,019 4,301 2,723 3,530 4,846 2,802 3,493

LPG 1,515 1,619 3,292 3,287 2,510 2,780 2,654 5,705 1,578 2,575

Electricity 1,207 2,927 511 2,907 9,270 1,011 1,209 13,627 7,537 3,432

Natural gas 479 85 0 0 12,632 85 464 0 90 2,058
Custom work 1,480 1,213 1,289 1,131 1,106 981 927 1,271 3,619 1,371
Chemicals 5,635 7,176 5,730 5,380 5,448 5,433 5,936 5,723 5,784 5,766
Custom drying 902 1,153 1,463 1,321 1,153 764 1,654 39 964 1,134
Input hauling 1,062 1,062 1,062 1,062 1,062 1,062 1,062 1,062 1,062 1,062
Total energy 53,702 57,493 45,144 41,148 81,165 46,986 58,750 63,375 56,641 55,184
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Table 4--Total energy requirements per bushel of corn, 9-State weighted average

Primary Input
energy Feedstock Natural efficiency Total
ltem requirements share gas Diesel Coal Gasoline Oill factor energy
Btu/bu Percent = s e Btuigal - ----------ccmem e
Chemicals 5,766 23,60,17 1,326 980 3,460 1.065 6,142
Fertilizer:
Nitrogen 22,631 90,10 20,368 2,263 1.012 22,911
Phosphate 1,992 25.9,26.7,47.4 516 532 944 1.088 2,168
Potash 539 26.7,31.3,42.0 144 169 226 1.095 590
lime 1,232 26.7,31.3,42.0 329 386 517 1.095 1,349
Diesel* 10,146 10,146 1.154 11,708
Gasoline 3,493 3,493 1.349 4,712
Natural gas and LP** 5,767 5,767 1.112 6,413
Electricity 3,432 3,432 1.038 3,563
Seed 186 97 43 11 11 1.126 209
Total 55,184 28,547 13,539 6,125 3,504 3,471 59,765

* Includes custom work and input hauling.
** Includes custom drying



A new dry milling plant requires 37,000 Btu of thermal blended with gasoline at the terminal and delivered to
energy and 1.2 kWh of electricity per gallon of ethanol. retailers by truck. It is generally blended with 90-per-
The typical dry mill facility produces 2.6 gallons of cent gasoline and 10-percent ethanol (E10). The energy
ethanol per bushel of corn. The total energy used for used for blending along with the electricity used for
converting ethanol, weighted by milling process and  dispensing the fuel from the pump is 672 Btu per gallon
adjusted by EPA's input efficiency factor for the energy of ethanol.
used to mine and transport coal, is 53,277 Btu/gal.

Estimating Energy Credits
The conversion estimates developed for this analysis for Coproducts
represent modern facilities that use cogeneration. The
use of cogeneration for steam appears to be absent frothe coproducts used in this analysis include DDGS
other studies, although it has become common for modfrom dry milling, and corn oil, CGM, and CGF from
ern wet and dry mill ethanol plants to employ cogenerawet milling. There are basically four ways to estimate
tion technology to produce steam and in-house power. energy credits for coproducts. First, the energy content
In addition, in many operations, flue gas drying of of coproducts can be used to estimate energy credits.
products is practiced. In our analysis, we coupled a  For example, a pound of corn gluten meal or corn
modern coal-based cogeneration system to wet and drygluten feed has a caloric content of 8,000 Btu. This
mill facilities to supply power and steam from coal. results in about a 40-percent coproduct energy credit.

The disadvantage of this method is that calories are a
We used engineering design specifications reported by measurement of food nutritional value and are not a
the industry when available, and, when necessary, we good proxy for energy in a fuel context.
contacted plant operators to obtain additional informa-
tion. Detailed information on dry milling plants is pro- A second method of estimating coproduct energy values
vided by Katzen et al. Similar information on wet is to use the relative market values of ethanol and its
milling operations is reported by DeSpiegelaere and by coproducts. For example, if energy used to produce
Wood. Sophisticated cogeneration facilities can be ecoethanol is allocated between ethanol and coproducts
nomically justified for plants with thermal and electri-  based on their 10-year average market values, about 30
cal needs of 30 million gallons per year and greater.  percent of energy used to produce ethanol should be

For example, a 30-million-gallon-per-year plant assigned to the coproducts. The problem with this
requires 150 million Btu per hour of steam for all method is that prices of ethanol and ethanol coproducts
needs, the equivalent of a 15-megawatt coal plant. are determined by a large number of market factors that

Such scale facilities typically produce relatively high-  are unrelated to energy content.
guality steam for cogeneration. The wet mill estimates

are based on a plant with a capacity of 100 million gal- Third, one can allocate energy use among multiple

lons per year, and dry mills have a capacity of 30 mil- products on an output weight basis, regardless of the
lion gallons per year. See Conway et al. for a further gperation’s purpose or the coproducts’ economic values.
description of the engineering details and energy speci-if energy used to produce ethanol is allocated between

fications of equipment used in plant operations. ethanol and coproducts based on the output weight,
about 48 percent of energy used to produce ethanol

Estimating Energy for should be assigned to the ethanol and 52 percent to

Ethanol Distribution coproducts. The problem with this method is that

weight of a product is not always a good measurement
Energy requirements to distribute and dispense ethanolof its energy value.
were developed by EPA (1993). Energy requirements
for shipping to the terminal and the retailer are both A fourth method, based on the replacement value of
included. Further, to be consistent, the energy distribu-coproducts, is the method chosen for our final results.
tion charge recommended by EPA was increased in proEnergy credits are assumed to be equal to the energy
portion to the relative energy densities of gasoline and value of a substitute product which the ethanol coprod-
ethanol. Ethanol is shipped to the wholesaler by truck uct can replace. For example, in the case of corn gluten
and/or barge. The average trip from an ethanol plant tomeal and corn gluten feed, soybean meal can be used as
a terminal requires 2,501 Btu of diesel fuel. Ethanol is a substitute, and soybean oil can replace corn oil.

Estimating Net Energy Balance of Corn Ethanol / AER-721 11



Using this method, about 20 percent of the energy usedper/gal, but the weighted average of the two processes
to produce ethanol would be assigned to coproducts. has a positive net energy balance, 1,137 Btu/gal. The
This method has appeal because the coproduct value i€nergy ratio, which is the ratio of energy-out to energy-
measured by energy units unlike the other methods thatn, is close to 1 in all three cases. In other words, the
use calories, economic value, and weight to represent Btu in a gallon of ethanol is about equal to the energy
energy value. Also, since energy replacement values required to produce a gallon of ethanol even when ener-
result in fewer energy credits than the other methods, itgy coproducts are not considered.

can be considered a conservative estimate.

Table 5—Net energy value of corn-ethanol without

Results coproduct energy credits

. . Milling process
Table 5 summarizes the energy requirements by phase Weighted
of ethanol production on a Btu-per-gallon basis. It Production phase Dry Wet average
includes energy losses from line loss, venting losses at
the ethanol plant, and losses associated with mining, Btu/gal
refl_nlng, and transporting raw mgterlals. Also present_— Corn production 21.225 22,074 21,793
ed is the NEV of corn t_athanol Wlthogt coproduct credits corn transport 1,212 1,260 1,244
for wet-milling, dry-milling, and a weighted average of Ethanol conversion 47,425 53,273 51,343

wet and dry milling. The weighted average is based onEthanol distribution 3,173

: : : _thi Energy losses 5,046 5,380 5,271
prodU(_:tlo_n capacity, thgt_ is, two-thirds Qf U.S. ethanol Total energy used 78,081 85,160 82,824
capacity is from wet-milling and one-third from dry- Net energy value' 5,880 -1199 1137
milling. The average conversion rate for the two Energy ratio 1.08 0.99 1.01

processes is 2.525 gallons per bushel. The NEV for
dry-milling was the highest, 5,880 Btu per gallon. The *A gallon of ethanol contains 83,961 Btu on a high heat value
NEV for wet-milling was slightly negative, -1,199 Btu basis.

Table 6--Net energy value per gallon of ethanol with coproduct energy credits

Energy use
Energy allocation Energy with coproduct NEV with Energy
ltem Ethanol Coproducts use credit coproducts ratio
---Percent--- = e Btu/gal - ----------------

Energy content:

Wet mill 57 43 85,160 50,082 33,879 1.68

Dry mill 61 39 78,081 49,027 34,934 1.71

Weighted average 58 42 82,824 49,543 34,418 1.69
Market value:

Wet mill 70 30 85,160 60,687 23,274 1.38

Dry mill 76 24 78,081 60,202 23,759 1.39

Weighted average 72 28 82,824 60,637 23,324 1.38
Replacement value:

Wet mill 81 19 85,160 69,660 14,301 1.21

Dry mill 82 18 78,081 64,671 19,290 1.30

Weighted average 81 19 82,824 67,768 16,193 1.24
Output weight basis:

Wet mill 48 52 85,160 42,740 41,221 1.96

Dry mill 49 51 78,081 40,087 43,874 2.09

Weighted average 48 52 82,824 41,619 42,342 2.02
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Table 6 presents the NEV results for corn ethanol whenmine how many modern ethanol facilities are selling
energy credits are added to the estimates. Three con- carbon dioxide is not readily available, thus we did not
version processes are considered: wet mill, dry mill,  include it in our analysis. The Keeney and DelLuca
and a weighted average of wet and dry mill. For com- study reported a negative NEV, but they report a very
parative purposes, the coproduct energy values are low value for energy coproducts. They used only a stil-
shown for each of the four methods described above. lage credit and did not include processing coproducts,
However, from this point forward, we will limit our dis- such as CGF, CGM, and corn oil. Adding these
cussion to the replacement value case, which is our precoproduct credits to their analysis would raise their
ferred method for measuring coproduct energy value. NEV estimate significantly. They also appear to have
used an outdated estimate for the energy used for man-
When coproduct energy credits are added to the calcu-ufacturing nitrogen fertilizer. Adjusting their nitrogen
lations, the NEV of corn ethanol is positive regardless fertilizer estimate to reflect modern technology and
of the type of milling used. Dry-milling results in the  adding processing coproducts to their calculations
highest NEV, 19,290 Btu, but wet-milling NEV differs  would result in a positive NEV. Ho also reports a nega-
by only 4,989 Btu per gallon. The NEV for the weight- tive NEV, but his energy deficit is only 4,000 Btu/gal.
ed average case is 16,193 Btu per gallon. Adjusting forHo uses an unusually low corn yield of 90 bushels per
coproduct credits also increases the energy ratio signifiacre. Looking at figure 1, it is apparent that this yield
cantly. The energy ratio is 1.21 and 1.30 for wet- and represents only very poor years, like 1988 when U.S.
dry-milling, respectively, and the weighted average agriculture experienced a serious drought. If Ho had
energy ratio is 1.24. used a yield that reflected a normal year, his NEV esti-
mate would likely be positive.

As discussed earlier, some researchers prefer addressing

the energy security issue by looking at the net energy Pimentel reports the lowest NEV by far, -33,500

gain of ethanol from a liquid fuels standpoint. In this Btu/gal (LHV). There is about a 36,000 Btu difference
case, only the liquid fuels used to grow and produce

ethanol are considered in the analysis. Table 7 Shows Taple 7—Energy requirements by feedstock and

the energy required for making corn ethanol by energy petroleum replacement value of ethanol

supplies for dry-milling, wet-milling, and a weighted

average. On a weighted average basis, about 85 perce . _ Weighted

. L Item Dry mill Wet mill  average
of the total energy requirement comes from non-liquid
fuels—coal accounts for 137,750 Btu per bushel and Btu/bu
natural gas and liquefied petroleum (LP) account for  Coal:
28,547 Btu per bushel. The liquid fuels, which include Ethanol plant 123,305 133,183 129,923
gasoline, diesel, and fuel oil, account for 29,998 Btu Eg‘rinsrlocgﬁtcrt'i%ﬁ'on éi;’; é:igg (151(2)5
per bushel. Comparing the energy input value of these tqtq 131,177 140,987 137,750
liquid fuels to the Btu output value of ethanol indicates
a net energy gain of 182,676 Btu for every bushel of ~ Natural gas & LP:
corn used in the production of ethanol. Thus, from a ~ Chemicals & fertilizers 22,780 22,780 22,780
liquid fuel utilization perspective, ethanol can extend Corn production >.767 >.767 >767

' Total 28,547 28,547 28,547
U.S. domestic crude reserves by a factor of 7 or simi-
larly reduce U.S. import requirements. LiquidI fuels:
Diese

When comparing this study with the other studies in 28:2 S;?:,gf;on 13:?23 12:?23 12:?23
table 1, we have similar results to the Marland and Ethanol distribution 6,503 6,253 6,335
Turhollow study. Their NEV estimate was only about  Gasoline 3,504 3,504 3,504
2,000 Btu/gal greater than ours. Morris and Ahmed's Fuel oil 3,471 3,471 3,471
NEV estimate is 9,460 Btu/gal greater, but much of this "0 30,167 29,915 29,998
difference can be explained by the large value they use totq) Btu-input 189,890 199449 196,294
for coproduct energy credits. They are the only authorsTotal Btu-output 218,299 209,903 212,674
to use carbon dioxide as an energy coproduct, which  Petroleum replace-
adds 4,460 Btu/gal to their NEV. Information to deter- ment factor 7.24 7.02 7.09
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between Pimentel's NEV and the average estimate of

DC. Research Study #045, pp 27-36, November 1988.

the studies shown in table 1. Many factors contribute to

Pimentel's low estimate. For example, with the excep-

tion of Ho, Pimentel used the lowest corn yield among
the studies. He used the highest fertilizer application
rate and the lowest corn ethanol conversion rate. His
energy estimate for energy used for nitrogen fertilizer

Bhat, Mahadev G., Burton C. English, Anthony F.
Turhollow, and Hezron O. Nyangito. “Energy in
Synthetic Fertilizers and Pesticides: Revisited.”
ORNL/Sub/90-99732/2. Oak Ridge National
Laboratory, Oak Ridge, TN, U.S. Dept. Energy, January

processing is extremely high and appears not to reflect 1994,

technology used by modern facilities. The amount of
energy required for ethanol conversion in Pimentel's

Blankenhorn, P.R., T.W. Bowersox, C.H. Strauss, L.R.

study also appears outdated. Conversion estimates us&fover, S.C. Grado, G.L. Stimely, M.L. DiCola, C.
by the other studies ranged between 46,000 Btu/gal angyornicsar, and B.E. Love. “Net Financial and Energy
57,000 Btu/gal, while Pimentel reported that it required Analyses for Producing Populus Hybrid Under Four

almost 74,000 Btu to produce a gallon of ethanol. In
addition, he is the only author to include an energy

Management Strategies First Rotation.” ORNL/sub/79-
07928/1. Oak Ridge National Laboratory, Oak Ridge,

value for steel, cement, and other plant materials in the TN, U.S. Dept. Energy, June 1985.

ethanol-processing estimate.
Conclusions

We conclude that the NEV of corn ethanol is positive
when fertilizers are produced by modern processing
plants, corn is converted in modern ethanol facilities,

Chambers, R.S., R.A. Herendeen, J.J. Joyce, and P.S.
Penner. “Gasohol: Does It or Doesn't It Produce
Positive Net Energy?'ScienceVol. 206 (1979), pp.
790-795.

Conway, Roger K., John McClelland, and Hosein

farmers achieve normal corn yields, and energy credits Shapouri. “Comments Concerning the Environmental

are allocated to coproducts. Our NEV estimate of

Protection Agency’s Regulation of Fuels and Fuel

16,193 Btu/gal can be considered conservative, since itAdditives: Renewable Oxygenate Requirement for
was derived using the replacement method for valuing Reformulated Gasoline Proposed Rule,” Public

coproducts, and it does not include energy credits for

Document A-93-49. U.S. Dept. Agr., Office of Energy,

plants that sell carbon dioxide. Corn ethanol is energy February 14, 1994.
efficient, as indicated by an energy ratio of 1.24, that is,

for every Btu dedicated to producing ethanol, there is a peLuchi, M.A. Emissions of Greenhouse Gases from

24-percent energy gain. Moreover, producing ethanol

the Use of Transportation Fuels and Electrigity

from domestic corn stocks achieves a net gain in a MOrANL/ESD/TM-22, Center for Transportation Research,

desirable form of energy. Ethanol production utilizes

Argonne National Laboratory, Argonne, lllinois, U.S.

abundant domestic energy supplies of coal and natural pept. Energy, November 1991.

gas to convert corn into a premium liquid fuel that can
extend petroleum imports by a factor of 7 to 1.
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