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Ethanol Can Contribute to Energy
and Environmental Goals

Alexander E. Farrell,X* Richard J. Plevin,* Brian T. Turner,™”? Andrew D. Jones,* Michael O'Hare,?

506

Daniel M. Kammen®??

To study the potential effects of increased biofuel use, we evaluated six representative analyses
of fuel ethanol. Studies that reported negative net energy incorrectly ignored coproducts and used
some obsolete data. All studies indicated that current corn ethanol technologies are much less
petroleum-intensive than gasoline but have greenhouse gas emissions similar to those of gasoline.
However, many important environmental effects of biofuel production are poorly understood.
New metrics that measure specific resource inputs are developed, but further research into
environmental metrics is needed. Nonetheless, it is already clear that large-scale use of ethanol
for fuel will almost certainly require cellulosic technology.

nergy security and climate change im-
Eperatives require large-scale substitu-

tion of petroleum-based fuels as well as
improved vehicle efficiency (7, 2). Although
biofuels offer a diverse range of promising
alternatives, ethanol constitutes 99% of all
biofuels in the United States. The 3.4 billion
gallons of ethanol blended into gasoline in
2004 amounted to about 2% of all gasoline
sold by volume and 1.3% (2.5 x 10'7 J) of its
energy content (3). Greater quantities of eth-
anol are expected to be used as a motor fuel in
the future because of two federal policies: a
$0.51 tax credit per gallon of ethanol used as
motor fuel and a new mandate for up to 7.5
billion gallons of “renewable fuel” to be used
in gasoline by 2012, which was included in the
recently passed Energy Policy Act (EPACT
2005) (4, 9).

Thus, the energy and environmental impli-
cations of ethanol production are more impor-
tant than ever. Much of the analysis and public
debate about ethanol has focused on the sign
of the net energy of ethanol: whether manu-
facturing ethanol takes more nonrenewable
energy than the resulting fuel provides (6, 7).
It has long been recognized that calculations
of net energy are highly sensitive to assump-
tions about both system boundaries and key
parameter values (8). In addition, net energy
calculations ignore vast differences between
different types of fossil energy (9). Moreover,
net energy ratios are extremely sensitive to
specification and assumptions and can produce
uninterpretable values in some important cases
(10). However, comparing across published
studies to evaluate how these assumptions af-
fect outcomes is difficult owing to the use of
different units and system boundaries across
studies. Finding intuitive and meaningful re-
placements for net energy as a performance
metric would be an advance in our ability to
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evaluate and set energy policy in this impor-
tant arena.

To better understand the energy and environ-
mental implications of ethanol, we surveyed the
published and gray literature and present a
comparison of six studies illustrating the range
of assumptions and data found for the case
of corn-based (Zea mays, or maize) ethanol
(11-16). To permit a direct and meaningful
comparison of the data and assumptions across
the studies, we developed the Energy and
Resources Group (ERG) Biofuel Analysis Meta-
Model (EBAMM) (/0). For each study, we
compared data sources and methods and param-
eterized EBAMM to replicate the published
net energy results to within half a percent. In
addition to net energy, we also calculated
metrics for greenhouse gas (GHG) emissions
and primary energy inputs (table S1 and Fig. 1).

Two of the studies stand out from the others
because they report negative net energy values
and imply relatively high GHG emissions and
petroleum inputs (77, 12). The close evaluation
required to replicate the net energy results showed
that these two studies also stand apart from the
others by incorrectly assuming that ethanol
coproducts (materials inevitably generated when
ethanol is made, such as dried distiller grains with
solubles, comn gluten feed, and comn oil) should
not be credited with any of the input energy and
by including some input data that are old and
unrepresentative of current processes, or so
poorly documented that their quality cannot be
evaluated (tables S2 and S3).

Sensitivity analyses with EBAMM and else-
where show that net energy calculations are
most sensitive to assumptions about coproduct
allocation (/7). Coproducts of ethanol have
positive economic value and displace compet-
ing products that require energy to make. There-
fore, increases in corn ethanol production to
meet the requirements of EPACT 2005 will
lead to more coproducts that displace whole
corn and soybean meal in animal feed, and the
energy thereby saved will partly offset the en-
ergy required for ethanol production (5, 78).

The studies that correctly accounted for this
displacement effect reported that ethanol and

coproducts manufactured from corn yielded a
positive net energy of about 4 MJ/I to 9 MJ/L.
The study that ignored coproducts but used
recent data found a slightly positive net energy
for corn ethanol (/3). However, comparisons
of the reported data are somewhat misleading
because of many incommensurate assumptions
across the studies.

We used EBAMM to (i) add coproduct
credit where needed, (ii) apply a consistent
system boundary by adding missing param-
eters (e.g., effluent processing energy) and
dropping extraneous ones (e.g., laborer food
energy), (iii) account for different energy types,
and (iv) calculate policy-relevant metrics (/9).
Figure 1 shows both published and commensu-
rate values as well as equivalent values for the
reference, conventional gasoline.

The published results, adjusted for commen-
surate system boundaries, indicate that with
current production methods corn ethanol dis-
places petroleum use substantially; only 5 to
26% of the energy content is renewable. The
rest is primarily natural gas and coal (Fig. 2).
The impact of a switch from gasoline to
ethanol has an ambiguous effect on GHG
emissions, with the reported values ranging
from a 20% increase to a decrease of 32%.
These values have their bases in the same
system boundaries, but some of them rely on
data of dubious quality. Our best point
estimate for average performance today is that
corn ethanol reduces petroleum use by about
95% on an energetic basis and reduces GHG
emissions only moderately, by about 13%.
Uncertainty analysis suggests these results are
robust (/0). It is important to realize that actual
performance will vary from place to place and
that these values reflect an absence of incen-
tives for GHG emission control. Given ade-
quate policy incentives, the performance of
corn ethanol in terms of GHG emissions can
likely be improved (20). However, current data
suggest that only cellulosic ethanol offers large
reductions in GHG emissions.

The remaining differences among the six
studies are due to different input parameters,
which are relatively easy to evaluate within the
simple, transparent EBAMM framework. For
instance, most of the difference between the
highest and lowest values for GHG emissions
in our data are due to differences in limestone
(CaCO,) application rate and energy embodied
in farm machinery (table S1). The former is truly
uncertain; data for lime application and for the
resulting GHG emissions are poor (/5). In
contrast, the higher farm machinery energy values
are unverifiable and more than an order of
magnitude greater than values reported elsewhere
and calculated here, suggesting that the lower
values are more representative (/0) (table S3).

This analysis illustrates the major con-
tribution of agricultural practices to life-cycle
GHG emissions (34% to 44%) and petroleum
inputs (45% to 80%) to corn ethanol, suggest-

SCIENCE www.sciencemag.org





ing that policies aimed at reducing environ-
mental externalities in the agricultural sector
may result in significantly improved environ-
mental performance of this fuel. For example,
conservation tillage reduces petroleum con-
sumption and GHG emissions as well as soil
erosion and agrichemical runoff (20, 21).

We use the best data from the six studies to
create three cases in EBAMM: Ethanol Today,
which includes typical values for the current
U.S. corn ethanol industry and requires the
fewest assumptions; CO, Intensive, which has
its basis in current plans to ship Nebraska corn
to a lignite-powered ethanol plant in North
Dakota (22); and Cellulosic, which assumes that
production of cellulosic ethanol from switch-
grass becomes economic as represented in one
of the studies (16).

The Cellulosic case presented here is a pre-
liminary estimate of a rapidly evolving technol-
ogy and is designed to highlight the dramatic
reductions in GHG emissions that could be

achieved. In addition, other biofuel technologies
and production processes are in active develop-
ment and, as the data become available, should
be the subject of similar energy and environ-
mental impact assessments.

For all three cases, producing one MJ of
ethanol requires far less petroleum than is re-
quired to produce one MJ of gasoline (Fig. 2).
However, the GHG metric illustrates that the
environmental performance of ethanol varies
greatly depending on production processes. On
the other hand, single-factor metrics may be
poor guides for policy. With the use of the
petroleum intensity metric, the Ethanol Today
case would be slightly preferred over the Cel-
lulosic case (a petroleum input ratio of 0.06
compared with 0.08); however, on the GHG
metric, the Ethanol Today case is far worse
than Cellulosic (83 compared to 11). Additional
environmental metrics are now being devel-
oped for biofuels, and a few have been applied
to ethanol production, but several key issues

REPORTS

remain unquantified, such as soil erosion and
the conversion of forest to agriculture (18, 20).

Looking to the future, the environmental
implications of ethanol production are likely to
grow more important, and there is a need for a
more complete set of policy-relevant metrics.
In addition, future analysis of fuel ethanol
should more carefully evaluate ethanol pro-
duction from cellulosic feedstocks, not least
because cellulosic ethanol production is un-
dergoing major technological development and
because the cultivation of cellulosic feedstocks
is not as far advanced as corn agriculture,
suggesting more potential for improvement.
Such advances may enable biomass energy to
contribute a sizeable fraction of the nation’s
transportation energy, as some studies have
suggested (23, 24).

Our study yields both research and policy
recommendations. Evaluations of biofuel policy
should use realistic assumptions (e.g., the
inclusion of coproduct credits calculated by a
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EBAMM scenarios are shown with green squares. Adjusting system boundaries

Fig. 2. Alternative metrics for I

reduces the scatter in the reported results. Moreover, despite large differences in
net energy, all studies show similar results in terms of more policy-relevant
metrics: GHG emissions from ethanol made from conventionally grown corn can
be slightly more or slightly less than from gasoline per unit of energy, but
ethanol requires much less petroleum inputs. Ethanol produced from cellulosic
material (switchgrass) reduces both GHGs and petroleum inputs substantially.
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displacement method), accurate data, clearly de-
fined future scenarios, and performance metrics
relevant to policy goals like reducing greenhouse
gas emissions, petroleum inputs, and soil ero-
sion. Progress toward attaining these goals will
require new technologies and practices, such as
sustainable agriculture and cellulosic ethanol
production. Such an approach could lead to a
biofuels industry much larger than today’s that,
in conjunction with greater vehicle efficiency,
could play a key role in meeting the nation’s
energy and environmental goals.
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Optical Detection of DNA
Conformational Polymorphism on
Single-Walled Carbon Nanotubes
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The transition of DNA secondary structure from an analogous B to Z conformation modulates the
dielectric environment of the single-walled carbon nanotube (SWNT) around which it is adsorbed.
The SWNT band-gap fluorescence undergoes a red shift when an encapsulating 30-nucleotide
oligomer is exposed to counter ions that screen the charged backbone. The transition is
thermodynamically identical for DNA on and off the nanotube, except that the propagation length
of the former is shorter by five-sixths. The magnitude of the energy shift is described by using an
effective medium model and the DNA geometry on the nanotube sidewall. We demonstrate the
detection of the B-Z change in whole blood, tissue, and from within living mammalian cells.

ingle-walled carbon nanotubes (/) are
rolled sheets of graphene with nanometer-
sized diameters that possess remarkable
photostablity (2). The semiconducting forms of
SWNTs, when dispersed by surfactants in aqueous
solution, can display distinctive near-infrared
(IR) photoluminescence (3) arising from their
electronic band gap. The band-gap energy is
sensitive to the local dielectric environment
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around the SWNT, and this property can be ex-
ploited in chemical sensing, which was recently
demonstrated for the detection of 3-p-glucose (4).

Among the molecules that can bind to the
surface of SWNTSs is DNA, which adsorbs as a
double-stranded (ds) complex (5). Certain DNA
oligonucleotides will transition from the native,
right-handed B form to the left-handed Z form
as cations adsorb onto and screen the nega-
tively charged backbone (6-9). We now show
that an analogous B-to-Z transition for a 30-
nucleotide dsDNA modulates the dielectric
environment of SWNTs and decreases their
near-IR emission energy up to 15 meV. We
have used this fluorescence signal to detect

divalent metal cations that bind to DNA and
stabilize the Z form. The thermodynamics of the
conformational change for DNA both on and off
the SWNT are nearly identical. These near-IR
ion sensors can operate in strongly scattering or
absorbing media, which we demonstrate by de-
tecting mercuric ions in whole blood, black ink,
and living mammalian cells and tissues.

Near-IR spectrofluorometry was performed
on colloidally stable complexes of DNA-
encapsulated SWNTs (DNA-SWNTs) buffered
at a pH of 7.4 and synthesized by the non-
covalent binding to the nanotube sidewall (/0)
of a 30-base pair single-stranded DNA (ssDNA)
oligonucleotide with a repeating G-T sequence.
This ssDNA can hydrogen bond with itself to
form dsDNA. Several types of semiconducting
SWNTs are present, but as we show below,
they can be identified by their characteristic
band gaps. The shift in band gap is similar for
each type of SWNT, although there is a diam-
eter dependence. After the addition of divalent
cations, we observed an energy shift in the
SWNT emission with a relative ion sensitivity
of Hg?* > Co?+ > Ca?*t > Mg?*, which is
identical for free DNA (Fig. 1A) (/1). The shift
can also be observed by monitoring SWNT
photoabsorption bands (fig. S1). The fluores-
cence peak energy traces a monotonic, two-
state equilibrium profile with increasing ionic
strength for each case (/2).

The removal of ions from the system via
dialysis returns the emission energy to its initial
value, which is indicative of a completely re-
versible thermodynamic transition (Fig. 1B and
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Corn Ethanol:

Laundering Fossil Fuels, Bilking Taxpayers,
Damaging the Environment

orn ethanol is the fuel du jour. It's domestic.
It’s not oil. Ethanol’s going to help promote
“energy independence.” Magazines trumpet it

as the motor vehicle fuel that comes from the “Mid-
west rather than the Mideast.” But is it really?

TuE U.S. AGRICULTURAL INDUSTRY

DEPENDS HEAVILY ON NATURAL GAS, COAL,

AND PETROLEUM FOR ITS EXISTENCE.

There is plenty of corn, to be sure. American
farmers grow about 42% of the world’s output. It’'s
the single largest crop on earth (the sugarcane crop
is larger, but it contains more water). In 2004, U.S.
corn output could have fed the entire population of
China. However, a mere 2% of U.S. corn goes direct-
ly to feed people; another 19% goes into processed
foods (e.g., the high-fructose corn syrup additive
in almost every processed food product in our su-
permarkets). The majority of U.S. corn goes to feed
livestock, even though corn makes cattle sick and
produces antibiotic-resistant bacteria.

These uses still leave mountains of excess corn
stashed all over Midwest fields, waiting to rot or be
processed into ethanol.

Interestingly, the National
Corn Growers Association has
been asking every corn grower
to lobby Congress to increase
domestic production of fossil
fuels by opening the Arctic Na-
tional Wildlife Reserve and the
Outer Continental Shelf for ex-
ploration and production, and
by drilling everywhere on U.S.
territory for oil and gas. Why?
Because the U.S. agricultural
industry depends heavily on
natural gas, coal, and petro-
leum for its existence. Nitrogen
derivatives and other fertilizers
drive the high yields achieved

By T. W. Patzek

by U.S. farmers. Corn farming devours about 40%
of these fertilizers. Nitrogen fertilizers, accounting
for roughly half the total energy input per acre of
harvested corn, are made from natural gas that is
badly needed for other uses, such as home heating,
cooking, and power generation. Today, the U.S.
imports 15% of its natural gas and 60% of its oil.
Furthermore, it is the world’s largest importer of
nitrogen fertilizers, mostly from Trinidad, Tobago,
Canada, Russia, and Saudi Arabia.

The farm sector also depends significantly on
natural gas and petroleum for transportation, refrig-
eration, irrigation, crop drying, heating farm build-
ings and homes, and pesticides and herbicides.

Accounting for the direct costs, roughly 40% of
the calorific value of industrial corn grain comes di-
rectly from the use of fossil fuels, mostly natural
gas, but also coal and petroleum. This grain could
be burned in efficient corn stoves to provide home
heating for the Midwest, or it could be ground, fer-
mented, and distilled to produce ethanol.

Because corn grain is a nascent, or “baby” fossil
fuel, it takes a lot of energy to transform it into eth-
anol. For example, the best performance guarantee
by ICM, Inc. of Kansas, states that a dry-mill etha-
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THE ENERGY DEBIT OF
MAKING ETHANOL

12 Energy Tribune

nol plant will spend an incredible 58% of ethanol’s
calorific value on direct distillation and co-product
processing costs. If corn or ethanol must be moved
from the Midwest to either coast, there is an addi-
tional transportation cost of up to 11% of ethanol’s
calorific value. An average U.S. refinery uses less
than 12% of gasoline or diesel fuel’s calorific value
to produce and distribute them. Therefore, it takes
from roughly 5 to 12 times more fossil energy to re-
fine corn grain into ethanol than it does to convert
crude oil into gasoline or diesel fuel.

Ethanol refineries also use huge amounts
of water. An average dry-mill plant needs about
750,000 gallons of processing water per day. Some
of this water is recycled, but the rest must be ob-
tained from a local water supply. Clean drinking
water is becoming scarce in much of the Midwest,
especially across its western area. An average eth-
anol refinery emits dozens of dangerous chemicals
into the air, such as toluene, ethylbenzene, ace-
tone, formaldehyde, acetaldehyde, acrolein, ben-
zene, styrene, and furfural. In line with the cur-
rent schizophrenic attitude towards ethanol pro-
duction, the U.S. Environmental Protection Agen-
cy has just proposed allowing ethanol refineries to
more than double their legal air emissions, from
100 to 250 tons per year.

There are serious questions about the sustain-
ability of corn production. Iowa has lost about half
of its 14 inches of top soil to erosion. Fertilizer runoff
and farm chemicals have polluted much of the Mis-
sissippi River basin, and that runoff flows all the
way into the Gulf of Mexico. Over the last 20 years,
the runoff from Midwestern corn and wheat fields
into the Gulf of Mexico has totaled between 2,000
and 10,000 tons of nitrate per day. Over the next
70 years, thanks to agribusiness and industrial ag-
riculture, the most productive grassland ecosystem
on earth may be completely destroyed, neutered by
overproduction. As they continue to be degraded,
Midwestern fields will have to become larger and be
subsidized even more with fossil energy.

Industrial crop production (corn, wheat, soy-
beans, etc.) causes environmental damage and loss
of human health valued at between $5.7 and $16.9
billion per year. The annual hidden subsidies to
agribusiness from environmental resources are es-
timated at $25 to $100 per hectare.

If one compares a corn field with a prairie, the
conclusion is that the prairie runs on sunlight,
while the corn field runs on fossil fuels. The most
eloquent testimony to this effect was given by The-
resa Schmalshof of the National Corn Growers As-





sociation, before the House Subcommittee on Ener-
gy and Mineral Resources in Washington, D.C. on
May 19, 2005. She said that corn farmers will “face
huge obstacles if our nation cannot come to grips
with its desire to have limitless resources, like nat-
ural gas, for production and not realize that these
resources have to come from somewhere. I am sure
the members of the subcommittee as individuals
know this well. However, Congress seems unaware
of this fact. We can produce corn, but we need you
to produce the kind of policy that enables us to use
the needed resources to do so.”

Thus corn agriculture is a scheme to launder
fossil fuels into an industrial raw material, while
damaging the environment of roughly half the
continental U.S. land mass, and poisoning most
rivers, streams, and coastal waters.

American taxpayers have spent a staggering
$143.8 billion on farm subsidies over the past ten
years, more than $104 billion of which (72%) went
to 10% of recipients — some 312,000 large farming
operations, cooperatives, partnerships, and corpo-
rations that collect, on average, more than $33,000
every year. Most of this money goes to support the
prices of just three commodities: corn, soybeans, and
wheat. Only a small fraction is spent on conserva-
tion and restoration programs. For example, in lowa
only 14.6% of farm subsidies was spent on them.

As long as agribusiness receives tens of bil-
lions of dollars each year in crop-price and envi-
ronmental subsidies, it obtains a significant gift
from the taxpayers: industrial raw materials (e.g.,
corn grain) at rock-bottom prices, which can be
processed into, say, ethanol at a significant profit.

Top world producers of ethanol

and their fuel consumption
(billion gallons per year)

Ethanol
2004°

Motor
Gasoline

Gasoline
Equivalent®

Country

U.K. 0.11 0.07 7.2¢ 5.2¢

aRenewable Fuels Association

bEthanol Volume x0.95x0.63

‘World Resources Institute, Energy Resources Database, 2001
9U.S. DOE EIA, 2004

€2004 estimate from www.vecc-sepa.org.cn/eng/index.jsp
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Super

Gasoline
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This profit is further enhanced by a subsidy of 50
cents per gallon of ethanol — also courtesy of the
taxpayers — via the Federal Volumetric Ethanol
Excise Tax Credit (VEETC). But it does not end
there. States and local communities lavish further
subsidies on ethanol producers.

There are yet more subsidies. The distance driv-
en by a properly tuned car is directly proportional to
the calorific value of the car’s fuel. Ethanol has 63
percent of the calorific value of gasoline. What does
that mean? In terms of driving distance, one gallon
of E85 is equivalent to 0.701 gallons of unleaded
gasoline. If ordinary gasoline sells for $3.09/gallon
and E85 at $2.49/gallon, as shown in the adjoining
photograph, the customer is misled into thinking
ethanol is a good deal. However, the energy-equiva-
lent price of 1 gallon of E85 is $2.49/0.701=$3.55.
So, in fact, the buyer of E85 gasoline subsidizes the
ethanol seller with $3.55 - $3.09 = $0.46 per gal-
lon of E85. By using 20 gallons of E85 per week, a
driver will spend an additional $500 per year.

So one might ask, what is achieved in the U.S.
with corn ethanol, the concomitant fossil fuel ex-
penditures, and environmental damage? One an-
swer is shown in Table 1. Corn ethanol has about
the same effect on U.S. motor gasoline consumption
as proper inflation of passenger car tires. The im-
pact of ethanol is much larger in the other countries
in Table 1 simply because they use 10 — 60 times
less gasoline than the U.S., despite together having
roughly half of the global population.

The U.S. has spent enough time, money, and nat-
ural and human resources on pursuing the mirage
of replacing its runaway aggregate consumption of
fossil fuels (petroleum + natural gas + coal) with bio-
mass. Better solutions lie on the demand side: lim-
iting consumption, improving efficiency, consuming
more locally, fostering local biofuel production and
consumption, etc. The world’s consumers need more
transportation fuel. Unfortunately, despite all the
rhetoric and politics, ethanol is not the solution. [}
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This study presents an efficiency and renewability
analysis of the production of three biofuels: rapeseed
methyl ester (RME), soybean methyl ester (SME) and corn-
based ethanol (EtOH). The overall production chains

have been taken into account: not only the agricultural
crop production and the industrial conversion into biofuel,
but also production of the supply of agricultural resources
(pesticides, fertilizers, fuel, seeding material) and industrial
resources (energy and chemicals) to transform the

crops into biofuel. Simultaneously, byproducts of the
agricultural and industrial processes have been taken into
account when resources have to be allocated to the
biofuels. The technical analysis via the second law of
thermodynamics revealed that corn-based EtOH results in
the highest production rate with an exergetic fuel content
0f68.8 GJ ha~'yr~!, whereas the RME and SME results were
limited to 47.5 and 16.4 GJ ha=! yr~'. The allocated
nonrenewable resource input to deliver these biofuels is
significant: 16.5, 15.4, and 5.6 MJ ha=" yr~'. This means that
these biofuels, generally considered as renewable
resources, embed a nonrenewable fraction of one-quarter
for EtOH and even one-third for RME and SME. This

type of analysis provides scientifically sound quantitative
information thatis necessary with respect to the sustainability
analysis of so-called renewable energy.

Introduction

Currently, a number of “biofuels”, that is, alcohols, esters,
ethers, and other chemicals made from biomass, are in focus
with respect to their substitution for fossil fuels. Two major
types of fuels from agricultural crops are getting growing
attention as biofuel for transportation purposes. First, via
fermentation, ethanol can be obtained from a large number
of crops: corn, sugar beet, sugar cane, and cellulosic
materials. Second, from a second group of crops with a
substantial fraction of triglycerides, such as rapeseed and
soy, methyl esters are produced through chemical transes-
terification. These fuels, soybean methyl ester (SME) and
rapeseed methyl ester (RME), have properties that are
comparable to diesel fuel. Biofuels have a number of
characteristics allowing labeling them as “sustainable fuels”.
Indeed, they are based on the ultimate renewable energy
resource: solar irradiation. Simultaneously, they close the
carbon cycle, making them CO; neutral.

With respect to an overall technical sustainability as-
sessment of products, three major issues have to be

* Corresponding author phone: + 329 264 59 49; fax: + 329 264
62 43; e-mail: jo.dewulf@ugent.be.

3878 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 10, 2005

considered (I—5). First, immediate environmental compat-
ibility is important: extraction of renewable and nonrenew-
able resources and waste emissions during the product’s life
cycle have to be considered. Second, integration within the
industrial ecological system through making use of waste
materials instead of virgin resources, on one hand, and
delivering products that are recoverable at the end of life, on
the other hand, generates environmental benefits. Third, a
higher efficiency of the overall production provides not only
economic benefit but contributes to less resource consump-
tion and reduced emissions. With these technical sustain-
ability issues in mind, it is not straightforward to conclude
that biofuels inherently contribute to sustainability. Although
net carbon dioxide emission is expected to be reduced
drastically when compared to fossil fuels, all gaseous, liquid,
and solid emissions at the production stage should be
considered, during both the agricultural crop production and
the industrial biofuel production. Next, a number of non-
renewable resources are required for both the agricultural
and industrial production stages so that the renewability
degree cannot be 100%. Moreover, biofuels require agricul-
tural land, which is then no longer available for fulfilment
of other needs, such as food or feed production. Efficiency
of the agricultural—industrial production chain is impor-
tant: the less efficient, the higher the land requirements for
the same fuel production. Finally, the assessment of biofuels
is complicated by so-called joint production. Indeed, a
number of crops not only result in biofuels after an industrial
post-harvest conversion, but also are embedded within the
industrial ecological system, being used as fodder or fertilizer.
The same is valid for the industrial conversion of the crop
product into biofuel: useful byproducts, such as glycerol
and soy meal, are of value in the overall industrial ecological
system. An accurate sustainability assessment of biofuels
must take into consideration a suitable procedure to allocate
agricultural and industrial input materials to the biofuels
and the agricultural and industrial byproducts.

It is clear that metrics are required to assess the
contribution of biofuels to sustainability through a thorough
process analysis. Energy analysis has been criticized, since
it only includes the quantity of energy, not its quality.
According to the first law of thermodynamics, energy is
indestructible, which means that energy is conserved in every
process. Energy can only be converted into different forms.
However, the quality of energy is consumed in each conver-
sion. In exergy analysis, the quality of the energy is taken
into account. Unlike energy, exergy is consumed in all real
world processes as entropy is produced. In recent literature,
the exergy concept has been shown to be a powerful tool in
the sustainability assessment of technology (I—9) and in the
analysis of bioenergy systems (I, 10—11). The exergy concept
is the thermodynamic tool that expresses the quality of
energy: it is the amount of work that can be obtained from
a system when it is brought in equilibrium with the
environmental state, the so-called dead state. There is
extensive information available in the literature about the
exergy concept (12—14). Exergy and energy analysis results
can be similar or different, depending on the studied
processes. Processes with limited entropy production, for
example, chemical conversions with limited heat production,
may resultin comparable energy and exergy results. Processes
accompanied by substantial entropy production, for example,
heat production out of chemicals or electricity, result in
significant differences between the two types of analyses.

In technology assessment by exergy, it is obvious that the
cumulative exergy consumption (CExC) is a key factor: it
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describes quantitatively the amount of resources, both
renewable and nonrenewable, that has to be extracted out
ofthe ecosystem in order to deliver a product. It immediately
allows the calculation of the efficiency of a production chain.
Finally, by the fact that it is able to quantify all types of
materials on the same universal thermodynamic basis,
whether they are input or output, it allows a straightforward
procedure to allocate inputs to outputs.

The purpose of this work is to contribute to the sustain-
ability assessment with respect to the renewability degree
and efficiency of biofuel production. Three biofuels are
compared: rapeseed methyl ester, soybean methyl ester, and
corn-based ethanol.

Methods

Three production chains were quantified in exergy terms.
The reference state of Szargut et al. (14) was considered with
its reference temperature (298 K), pressure (1 atm), and
composition. For water, freshwater was chosen to be the
reference state. If not available, calculation of exergy values
was performed by group contribution methods (14—17) from
Gibbs energy of formation data (18) or by calculating lower
heating value-to-exergy ratios (14, 19). Solar irradiations were
calculated by taking into account the geographical position
of the different production sites and by making use of the
solar energy engineering website of the University of Mas-
sachusetts, Lowell (20). Exergy of solar radiation can be
calculated from the exergy-to-energy ratio being 0.933 (14).
Cumulative exergy values were calculated by tracing back
input materials to the raw materials extracted out of the
ecosystem to deliver them. With respect to system bound-
aries, back-tracing was limited to levels 1 and 2 according
to the system of Szargut et al. (14). This means that the whole
production chain, including extraction, transport and storage
of raw materials and the fabrication of intermediates (e.g.,
pesticides, steam) is taken into account. Capital equipment
production has not been included; exergy for capital equip-
ment has been shown to contribute in a limited way, usually
below 5—10% (14).

Studied Materials

Rapeseed Methyl Ester (RME). The analysis of RME pro-
duction is based on process data from refs 10, 21—22.
Considered inputs for the rapeseed production were seeds,
solar energy (Swedish conditions), burnt lime, nitrogen—
phosphorus—potassium and calcium ammonium nitrate
fertilizers, pesticides (glyphosate, deltamethrin, metazachlor,
surface-active Lissapol, and manganese micronutrient Man-
trac), and fuel consumption for the operation of agricultural
machinery and transport. Outputs are rapeseeds and straw.
At the industrial production with four substages, that is,
pretreatment (drying, cleaning, and storage), extraction,
refining, and esterification, considered input materials are
rapeseeds, power consumption (electricity, steam, fuels), and
chemicals (phosphoric acid, hexane, bleaching material,
sodium hydroxide, hydrogen chloride, methanol, sodium
methylate). Products are meal, RME, and glycerol. Quantities
of products are 3000 kg rapeseeds and 1190 kg RME ha™!
yrL

Soybean Methyl Ester (SME). The production process of
SME is similar to RME production (23), with similar agri-
cultural inputs and outputs. Product data are 2554 kg
soybeans and 418.5 kg SME per ha and year (average based
on 14 key soybean-producing states within the U.S.A.).

Corn-Based Ethanol (EtOH). The production route of
corn (11) takes into account the agricultural production with
use of seeds, pesticides, fertilizers, fuels, and solar energy
(Italian conditions), being similar to rapeseed and soy
production, delivering kernel and stover. The industrial stage,
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FIGURE 1. Overview of inputs and outputs related to 1 ha of
agricultural production of biofuel resources. All data are in GJ of
exergy ha—" yr~'. Data at dotted lines are the cumulative exergy
extracted out of the natural environment to deliver the input materials.
(a) Rapeseed; (b) soybean; (c) corn.

however, is different, since the main process is a biological
fermentation preceded by milling and hydrolysis and followed
by liquid/solid separation and distillation. These processes
require energy and chemicals (enzymes, yeast, sodium
chloride, calcium oxide, ammonia, denaturants). Products
are ethanol and distiller’s dried grains with solubles (DGGS).
A production of 7600 kg kernel and 2330 kg EtOH ha™! yr™!
were taken into account.

Results and Discussion

Agricultural Production Stage. In Figure 1, the agricultural
production stages for rapeseed, soybean, and corn are
represented with all exergetic inputs and outputs. It turns
out that solar radiation is the major input source, accounting
for more than 99.9%. In this sense, it can be stated that the
agricultural products are largely renewable. On the basis of
the huge solar energy input, the production is not efficient.
Overall output-to-input ratios are limited to 0.46, 0.17, and
0.47% for the rapeseed, soy, and corn production, respec-
tively. This is due to the nature of the photosynthesis
process: both efficiency and period of operation (growing
season) are limited, for example, when compared to pho-
tovoltaic electricity generation (1, 24).

When the three production manners are compared, it
turns out that corn production delivers the largest amount
of exergy, 220 GJ ha™! yr}, better than rapeseed (148) and
soy (92). This is related to the fact that corn has a more
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TABLE 1. Inputs and Outputs (GJ of Exergy) of the Conversion

of the Production of 1 ha of Crops into Biofuels
rapeseed soybean corn
Inputs
agricultural product 86.0 53.8 134
fuels 0.17 2.97 0.32
electricity 0.46 0.69 2.85
steam 1.00 0.77
chemicals 3.63 1.30 1.79
sum 91.3 59.5 139
Outputs
biofuel
RME 47.5
SME 16.4
EtOH 68.8
byproducts
glycerol 2.10 1.31
meal 32.7 37.3
DDGS 43.4
sum 82.3 55.0 112

efficient biosynthesis route; it is a so-called C4 plant type.
It has also to be noticed that byproducts straw and stover
have an important share in the output, being very similar in
the three cases: 42.0, 41.6 and 39.0% for rapeseed, soy, and
corn, respectively. These byproducts either can be used as
fodder or can stay on the field as fertilizer for the next crop.
Hence, they have to be taken into account when inputs to
the agricultural production have to be allocated.

Finally, the production manners can be assessed in terms
of exergy breeding, similar to energy breeding. The energy
or exergy breeding factor (BF., or BF.y) (25) and the net energy
or exergy value (NEnV or NExV) (26) assesses how much
renewable resources are bred from nonrenewable resources.
To do so, renewable inputs have to be subtracted from the
total input. Not only solar radiation has to be considered
here, but one should also pay attention to the nature of the
seeding material. The production of rapeseed seeding
material, for example, is basically the rapeseed production
scheme in Figure 1a, showing that for seeding material from
1 ha cultivation, solar input is overwhelming (32 100 GJ) when
compared to the other inputs fertilizers, pesticides, and fuels
(5.39 GJ), omitting the 0.19 GJ of seeding material. This means
that the input for seeding material is more than 99.9%
renewable in nature, thus allowing it to be considered as
renewable. The same is true for soybeans and corn. In turn,
the contribution of the seeding material to the total renewable
input is negligible, since it is 3 orders of magnitude lower
than the direct solar input for the three crops. Taking into
account the nonrenewable fertilizers, pesticides, and fuels,
it turns out that corn, rapeseed, and soy production show
total nonrenewable inputs of 9.92, 5.39, and 3.90, with an
output of 220, 148 and 92.1 MJ ha! yr !, respectively. This
means that BF., values of 22.2, 27.5 and 23.6 are obtained
for the respective production routes. However, it should be
taken into account that inputs for agriculture require an
industrial production stage before they can be supplied, for
example, chemical manufacturing of pesticides and fertilizers.
If one aims at a global chain assessment, one should make
the ratio between the exergy embodied in the resources
extracted out of the ecosystem that goes into the agricultural
production through these industrial supplying chains: the
cumulative exergy consumption. With a global cumulative
nonrenewable input of 22.6, 11.8, and 7.5 GJ, respectively,
it turns out that overall, BF, values decrease t0 9.7, 12.6, and
12.3 for corn, rapeseed, and soy, respectively.

Industrial Conversion Stage. The results of the exergy
analysis of the industrial conversion of rapeseeds, soybeans,
and corn kernels into biofuels are presented in Table 1. To
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FIGURE 2. Flows of exergy associated with the annual production
of biofuels on 1 ha (GJ ha™' yr™'). The flows are related to the
overall production, that is, including byproducts. Percentages are
the shares in the output of the respective process on an exergy
basis. Data at dotted lines are the cumulative exergy extracted out
of the natural environment. (a) RME, (b) SME, (c) EtOH.

convert the crops from 1 ha, with exergy contents of 86.0,
53.8, and 134 GJ, nonrenewable inputs (fuels, electricity,
steam and chemicals) of 5.26, 5.72 and 4.96 GJ are required.
Next to biofuels, the conversion results in a significant amount
of byproducts that can be marketed. The shares of the biofuels
in the global output are limited to 57.7 and 29.8% for RME
and SME, respectively, due to the high exergy content of the
byproducts glycerol and particularly meal. Ethanol shows
the highest share in industrial output: 61.4%. With overall
outputs of 82.3, 55.0, and 112 GJ for rapeseed, soybean, and
kernel conversion, efficiencies of 90.1, 92.4, and 80.6% are
obtained, respectively. Note that the auxiliary inputs also
require their own industrial production, starting from non-





TABLE 2. Exer?y and Cumulative Exergy Inputs Related to the Production of Biofuel from 1 ha of Agricultural Land, with
np

Allocation of

biofuel

uts to Biofuel, and Agricultural and Industrial Byproducts

agr. byproducts ind. byproducts total

Exergy Inputs

RME

solar irradation % 58.0 x 57.7 =335 42.0 58.0 x 42.3 =245 100.0
GJ 10743 13 482 7875 32100

nonrenew. agr. resources % 58.0 x 57.7 =335 42.0 58.0 x 42.3 =245 100.0
GJ 1.80 2.26 1.32 5.38

nonrenew. ind. resources % 57.7 0.0 42.3 100.0
GJ 3.04 0.00 2.22 5.26

SME

solar irradation % 58.4 x 29.8 =17.4 41.6 58.4 x 70.2 =41.0 100.0
GJ 9520 22 755 22425 54 700

nonrenew. agr. resources % 58.4 x 29.8=17.4 41.6 58.4 x 70.2 =41.0 100.0
GJ 0.7 1.6 1.6 3.9

nonrenew. ind. resources % 29.8 0.0 70.2 100.0
GJ 1.70 0.00 4.02 5.72

EtOH

solar irradation % 61.0 x 61.4=375 39.0 61.0 x 38.6 =23.5 100.0
GJ 17 454 18 174 10 972 46 600

nonrenew. agr. resources % 61.0 x 61.4=375 39.0 61.0 x 38.6 = 23.5 100.0
GJ 3.72 3.87 2.34 9.92

nonrenew. ind. resources % 61.4 0.0 38.6 100.0
GJ 3.0 0.0 1.9 5.0

Cumulative Exergy Inputs

RME

solar irradation % 58.0 x 57.7 =335 42.0 58.0 x 42.3 =245 100.0
G 10743 13 482 7875 32100

nonrenew. agr. resources % 58.0 x 57.7 = 33.5 42.0 58.0 x 42.3=24.5 100.0
GJ 3.9 5.0 2.9 11.8

nonrenew. ind. resources % 57.7 0.0 42.3 100.0
GJ 11.5 0.0 8.5 20.0

SME

solar irradation % 58.4 x 29.8 =17.4 41.6 58.4 x 70.2 =41.0 100.0
G 9520 22755 22 425 54 700

nonrenew. agr. resources % 58.4 x 29.8=17.4 41.6 58.4 x 70.2 =41.0 100.0
GJ 1.3 3.1 3.1 7.5

nonrenew. ind. resources % 29.8 0.0 70.2 100.0
GJ 4.2 0.0 10.0 14.2

EtOH

solar irradation % 61.0 x 61.4=375 39.0 61.0 x 38.6 = 23.5 100.0
G 17 454 18 174 10 972 46 600

nonrenew. agr. resources % 61.0 x 61.4 =37.5 39.0 61.0 x 38.6 =23.5 100.0
GJ 8.5 8.8 5.3 22.6

nonrenew. ind. resources % 61.4 0.0 38.6 100.0
GJ 8.2 0.0 5.2 13.4

renewables. For example, to supply the required 5.26 GJ to
process rapeseeds into RME, extraction of 20 GJ of nonre-
newables out of the environment has to be taken into account.

Overall Production Chain Assessment. In Figure 2, the
overall production chains of RME, SME, and EtOH are
represented. This figure allows allocation of renewable and
particularly nonrenewable resources to the delivered biofuels
and agricultural and industrial byproducts on the basis of
exergy. The exergy-based allocation is illustrated in Table 2.
Shares of rapeseeds, soybeans, and corn kernels in the
agricultural output are 58.0, 58.4, and 61.0%, respectively,
allowing the allocation of solar irradiation and nonrenewable
agricultural resources to rapeseeds, soybeans, and corn
kernel, respectively. Shares of RME, SME, and EtOH in the
industrial output are 57.7, 29.8, and 61.4%, respectively,
allowing allocation of both the input agricultural product
and nonrenewable industrial resources to the biofuel. Overall,
this means that the agricultural inputs, to be allocated to the
final biofuel in two steps, are limited to 33.5, 17.4, and 37.5%.

It turns out that allocated agricultural and industrial
resource inputs for 47.5 GJ of RME are 1.80 and 3.04 GJ,
respectively (Table 2), or 4.84 GJ in total. This agricultural—
industrial production chain shows a BF. value of 9.8. If one
considers the whole industrial metabolism for this biofuel

production, that is, not only the agricultural—industrial bio-
fuel production chain but also the agricultural and industrial
resource supply chains, one ends up with nonrenewable
resource inputs of 3.9 and 11.5 GJ for the agricultural and
industrial stage, respectively, or 15.4 GJ in total. This results
in an overall BF,, value of 3.1. In other words, it can be stated
that the renewable fraction of RME is limited to 67.6%. Similar
calculations can be made for SME and EtOH; the results are
represented in Table 3. It turns out that not only for the
agricultural production (see above) but also for the overall
production chain, corn-based ethanol proves to be the most
suitable biofuel in terms of efficiency and renewability.
Indeed, it shows an overall industrial metabolism exergy
breeding factor (overall BF.,) of 4.1, resulting in the lowest
nonrenewable fraction being about one-quarter (24.3%). RME
and SME show overall BF¢, values of ~3 and a nonrenewable
fraction of about one-third.

Shifts in breeding factors may change in the future due
to several reasons. First, it is noteworthy to mention that
industrial processing of renewable resources is a rapidly
developing field (27). Implementation of new technologies,
for example, conversion of cellulose into ethanol, may result
in abetter valorization of these resources, eventually resulting
in higher breeding factors. Second, when considering the
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TABLE 3. Nonrenewahle Resources Allocated to the Biofuel
(GJ ha" yr™") for the Agricultural—Industrial Biofuel
Production Chain and for the Overall Industrial Metaholism?

input biofuel input overall non-
production  industrial overall renewable
chain metabolism biofuel BF,x BFex fraction (%)
RME 4.84 15.4 475 9.8 3.1 32.4
SME 2.40 5.61 16.4 6.9 29 34.2
EtOH 6.72 16.7 68.8 10.2 4.1 243

2 That is, agricultural resource supply chain, industrial resource
supply chain, and the biofuel production chain. Exergy breeding factor
of the biofuel production chain (BF.) and of the overall industrial
metabolism (overall BF,,) and nonrenewable fraction in the biofuel.

processes under investigation in this study, shift can be
realized by substitution of nonrenewable resources. Usage
of biofuels in the agricultural machinery can be considered
as a first option here. By doing so, breeding factors can shift
from 9.8, 6.6, and 10.2 toward 12.1, 9.2, and 18.7 for RME,
SME, and EtOH, respectively. Alternatively, substitution of
nonrenewables at the industrial stage might realize BF factors
up to 26.2, 24.2, and 18.5, respectively. These values for RME
and SME show that RME and SME biodiesels currently rely
significantly on nonrenewable use in the industrial stage,
which is limited to a smaller extent in case of bioethanol.

Supporting Information Availahle

EtOH, RME, and SME overall experimental data and details.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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Energy outputs from ethanol produced using corn, switchgrass, and wood biomass were each
less than the respective fossil energy inputs. The same was true for producing biodiesel us-
ing soybeans and sunflower, however, the energy cost for producing soybean biodiesel was
only slightly negative compared with ethanol production. Findings in terms of energy outputs
compared with the energy inputs were: ¢ Ethanol production using corn grain required 29%
more fossil energy than the ethanol fuel produced. ¢ Ethanol production using switchgrass
required 50% more fossil energy than the ethanol fuel produced. e Ethanol production using
wood biomass required 57% more fossil energy than the ethanol fuel produced. e Biodiesel
production using soybean required 27 % more fossil energy than the biodiesel fuel produced
(Note, the energy yield from soy oil per hectare is far lower than the ethanol yield from corn).
e Biodiesel production using sunflower required 118% more fossil energy than the biodiesel
fuel produced.

KEY WORDS: Energy, biomass, fuel, natural resources, ethanol, biodiesel.

INTRODUCTION

The United States desperately needs a liquid
fuel replacement for oil in the future. The use of oil
is projected to peak about 2007 and the supply is
then projected to be extremely limited in 40-50 years
(Duncan and Youngquist, 1999; Youngquist and
Duncan, 2003; Pimentel and others, 2004a). Alter-
native liquid fuels from various sources have been
sought for many years. Two panel studies by the
U.S. Department of Energy (USDOE) concerned
with ethanol production using corn and liquid fuels
from biomass energy report a negative energy return
(ERAB, 1980, 1981). These reports were reviewed by
26 expert U.S. scientists independent of the USDOE;
the findings indicated that the conversion of corn into
ethanol energy was negative and these findings were
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unanimously approved. Numerous other investiga-
tions have confirmed these findings over the past two
decades.

A review of the reports that indicate that corn
ethanol production provides a positive return indi-
cates that many inputs were omitted (Pimentel, 2003).
It is disappointing that many of the inputs were omit-
ted because this misleads U.S. policy makers and the
public.

Ethanol production using corn, switchgrass, and
wood, and biodiesel production using soybeans and
sunflower, will be investigated in this article.

CORN ETHANOL PRODUCTION
USING CORN

Shapouri (Shapouri, Duffield, and Wang, 2002;
Shapouri and others, 2004) of the USDA claims that
ethanol production provides a net energy return. In
addition, some large corporations, including Archer,
Daniels, Midland (McCain, 2003), support the pro-
duction of ethanol using corn and are making huge
profits from ethanol production, which is subsidized

1520-7439/05/0300-0065/1 © 2005 International Association for Mathematical Geology
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by federal and state governments. Some politicians
also support the production of corn ethanol based
on their mistaken belief that ethanol production pro-
vides large benefits for farmers, whereas in fact farmer
profits are minimal. In contrast to the USDA, nu-
merous scientific studies have concluded that ethanol
production does not provide a net energy balance,
that ethanol is not a renewable energy source, is not
an economical fuel, and its production and use con-
tribute to air, water, and soil pollution and global
warming (Ho, 1989; Citizens for Tax Justice, 1997;
Giampietro, Ulgiati, and Pimentel, 1997; Youngquist,
1997; Pimentel, 1998, 2001, 2003 NPRA, 2002;
Croysdale, 2001; CalGasoline, 2002; Lieberman, 2002;
Hodge, 2002, 2003; Ferguson, 2003, 2004; Patzek,
2004). Growing large amounts of corn necessary
for ethanol production occupies cropland suitable
for food production and raises serious ethical issues
(Pimentel, 1991, 2003; Pimentel and Pimentel, 1996).

Shapouri (Shapouri, Duffield, and Wang, 2002;
Shapouri and others, 2004) studies concerning the
benefits of ethanol production are incomplete be-
cause they omit some of the energy inputs in the
ethanol production system. The objective of this anal-
ysis is to update and assess all the recognized inputs
that operate in the entire ethanol production system.
These inputsinclude the direct costs in terms of energy
and dollars for producing the corn feedstock as well as
for the fermentation/distillation process. Additional
costs to the consumer include federal and state sub-
sidies, plus costs associated with environmental pol-
lution and degradation that occur during the entire
production system. Ethanol production in the United
States does not benefit the nation’s energy security, its
agriculture, the economy, or the environment. Also,
ethical questions are raised by diverting land and pre-
cious food into fuel and actually adding a net amount
of pollution to the environment.

Energy Balance

The conversion of corn and other food/feed crops
into ethanol by fermentation is a well-known and es-
tablished technology. The ethanol yield from a large
production plant is about 1 1 of ethanol from 2.69 kg
of corn grain (Pimentel, 2001).

The production of corn in the United States
requires a significant energy and dollar investment
(Table 1). For example, to produce average corn
yield of 8,655 kg/ha of corn using average produc-
tion technology requires the expenditure of about
8.1 million kcal for the large number of inputs listed in

Pimentel and Patzek

Table 1 (about 271 gallons of gasoline equivalents/ha).
The production costs are about $917/ha for the
8,655 kg or approximately 11¢ /kg of corn produced.
To produce a liter of ethanol requires 29 % more fossil
energy than is produced as ethanol and costs 42¢ per 1
($1.59 per gallon) (Table 2). The corn feedstock alone
requires nearly 50% of the energy input.

Full irrigation (when there is little or no rainfall)
requires about 100 cm of water per growing season.
Only approximately 15% of U.S. corn production cur-
rently is irrigated (USDA, 1997a). Of course not all
of this requires full irrigation, so a mean value is used.
The mean irrigation for all land growing corn grain is
8.1 cm per ha during the growing season. As a mean

Table 1. Energy Inputs and Costs of Corn Production Per Hectare
in the United States

Inputs Quantity kcal x 1000 Costs $
Labor 11.4 hrs* 4620 148.20¢
Machinery 55 kg 1,018¢ 103.217
Diesel 88 L8 1,003" 34.76
Gasoline 4L 4057 20.80
Nitrogen 153 kgk 2,448! 94.86™
Phosphorus 65 kg 270° 40.307
Potassium 77 kg 251" 23.87°
Lime 1,120 kg’ 315 11.00
Seeds 21 kg¥ 520" 74.81*
Irrigation 8.1 cm” 3207 123.00%¢
Herbicides 6.2 kgt 620°¢ 124.00
Insecticides 2.8 kg 280¢¢ 56.00
Electricity 13.2 kWhd 341f 0.92
Transport 204 kg88 169" 61.20
Total 8,115 $916.93
Corn yield 8,655 kg/ha'? 31,158 kcal input:

output 1:3.84

“NASS, 1999; *1t is assumed that a person works 2,000 hr per yr
and utilizes an average of 8,000 1 of oil equivalents per yr; “It is
assumed that labor is paid $13 an h; 4pimentel and Pimentel, 1996;
¢Prorated per ha and 10 yr life of the machinery. Tractors weigh
from 6 to 7 tons and harvesters 8 to 10 tons, plus plows, sprayers,
and other equipment; JHoffman, Warnock, and Himman, 1994;
8Wilcke and Chaplin, 2000; hInput 11, 400 kcal per I; {Estimated;
/Input 10,125 keal per I; KUSDA, 2002; 'Patzek, 2004; "Cost 62¢
per kg; "USDA, 2002; °Input 4,154 kcal per kg; PCost $62 per
kg; Y7USDA, 2002; "Input 3,260 kcal per kg; *Cost 31¢ per kg;
"Brees, 2004; “Input 281 kcal per kg; YPimentel and Pimentel,
1996; " Pimentel, 1980; *USDA, 1997b; YUSDA, 1997a; *Batty and
Keller, 1980; ““Irrigation for 100 cm of water per ha costs $1,000
(Larsen, Thompson, and Harn, 2002); bbT arson and Cardwell, 1999;
ccUSDA, 2002; “USDA, 1991; * Input 100,000 kcal per kg of herbi-
cide and insecticide; /7 Input 860 kcal per kWh and requires 3 kWh
thermal energy to produce 1 kWh electricity; 88 Goods transported
include machinery, fuels, and seeds that were shipped an estimated
1,000 km; "*Input 0.83 kcal per kg per km transported;  USDA,
2003a.
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Table 2. Inputs Per 10001 of 99.5% Ethanol Produced From Corn*

Inputs Quantity kcal x 1000 Dollars $
Corn grain 2,690 kg® 2,5220 284250
Corn transport 2,690 kg? 322¢ 21.404
Water 40,000 L* 90/ 21.168
Stainless steel 3kg 12 10.60¢
Steel 4kg 12/ 10.60¢
Cement 8 kg 8 10.60¢
Steam 2,546,000 kcal/ 2,546/ 21.16F
Electricity 392 kWh/ 1,011/ 27.44!
95% ethanol 9 kcal/L™ 9 40.00
t0 99.5%
Sewage effluent 20 kg BOD” 69" 6.0
Total 6,597 $453.21

“QOutput: 11of ethanol = 5,130 kcal; bData from Table 1; “Calculated
for 144 km roundtrip; dPimentel, 2003; ¢15 1 of water mixed with
each kg of grain; /Pimentel and others, 1997; $Pimentel and others,
2004b; 4 kWh of energy required to process 1 kg of BOD (Blais
and others, 1995); iSlesser and Lewis, 1979; /Illinois Corn, 2004;
kCalculated based on coal fuel; !7¢ per kWh; "95% ethanol con-
verted to 99.5% ethanol for addition to gasoline (T. Patzek, pers.
commu., University of California, Berkeley, 2004); 20 kg of BOD
per 1,000 1 of ethanol produced (Kuby, Markoja, and Nackford,
1984).

value, water is pumped from a depth of 100 m (USDA,
1997a). On this basis, the mean energy input associ-
ated with irrigation is 320,000 kcal per ha (Table 1).

The average costs in terms of energy and dollars
for a large (245-285 million L/yr), modern ethanol
plant are listed in Table 2. Note the largest energy
inputs are for the corn feedstock, the steam energy,
and electricity used in the fermentation/distillation
process. The total energy input to produce a liter of
ethanol is 6,597 kcal (Table 2). However, a liter of
ethanol has an energy value of only 5,130 kcal. Thus,
there is a net energy loss of 1,467 kcal of ethanol pro-
duced. Not included in this analysis was the distri-
bution energy to transport the ethanol. DOE (2002)
estimates this to be 2¢/l or approximately more than
331 kcal/l of ethanol.

In the fermentation/distillation process, the corn
is finely ground and approximately 15 I of water are
added per 2.69 kg of ground corn. After fermentation,
to obtain a gallon of 95% pure ethanol from the 8%
ethanol and 92% water mixture, the 11of ethanol must
come from the approximately 131of the ethanol/water
mixture. A total of about 13 1 of wastewater must be
removed per 1 of ethanol produced and this sewage
effluent has to be disposed of at both an energy and
economic cost.

Although ethanol boils at about 78°C, whereas
water boils at 100°C, the ethanol is not extracted
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from the water in just one distillation process. In-
stead, about 3 distillations are required to obtain the
95% pure ethanol (Maiorella, 1985; Wereko-Brobby
and Hagan, 1996; S. Lamberson, pers. comm. Cornell
Univ. 2000). To be mixed with gasoline, the 95%
ethanol must be processed further and more water
removed requiring additional fossil energy inputs to
achieve 99.5% pure ethanol (Table 2). The entire dis-
tillation accounts for the large quantities of fossil en-
ergy required in the fermentation/distillation process
(Table 2). Note, in this analysis all the added en-
ergy inputs for fermentation/distillation process to-
tal $422.21, including the apportioned energy costs of
the stainless steel tanks and other industrial materials
(Table 2).

About 50% of the cost of producing ethanol
(42¢ per 1) in a large-production plant is for the corn
feedstock itself (28¢/1) (Table 2). The next largest in-
put is for steam (Table 2).

Based on current ethanol production technology
and recent oil prices, ethanol costs substantially more
to produce in dollars than it is worth on the mar-
ket. Clearly, without the more than $3 billion of fed-
eral and state government subsidies each year, U.S.
ethanol production would be reduced or cease, con-
firming the basic fact that ethanol production is uneco-
nomical (National Center for Policy Analysis, 2002).
Senator McCain reports that including the direct sub-
sidies for ethanol plus the subsidies for corn grain,
a liter costs 79¢ ($3/gallon) (McCain, 2003). If the
production costs of producing a liter of ethanol were
added to the tax subsidies, then the total cost for a
liter of ethanol would be $1.24. Because of the rela-
tively low energy content of ethanol, 1.6 1 of ethanol
have the energy equivalent of 11 of gasoline. Thus, the
cost of producing an equivalent amount of ethanol to
equal a liter of gasoline is $1.88 ($7.12 per gallon of
gasoline), while the current cost of producing a liter
of gasoline is 33¢ (USBC, 2003).

Federal and state subsidies for ethanol produc-
tion that total more than 79¢/l are mainly paid to
large corporations (McCain, 2003). To date, a con-
servative calculation suggests that corn farmers are
receiving a maximum of only an added 2¢ per bushel
for their corn or less than $2.80 per acre because of
the corn ethanol production system. Some politicians
have the mistaken belief that ethanol production pro-
vides large benefits for farmers, but in fact the farmer
profits are minimal. However, several corporations,
such as Archer, Daniels, Midland, are making huge
profits from ethanol production (McCain, 2003).
The costs to the consumer are greater than the
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$8.4 billion/yr used to subsidize ethanol and corn pro-
duction because producing the required corn feed-
stock increases corn prices. One estimate is that
ethanol production is adding more than $1 billion to
the cost of beef production (National Center for Pol-
icy Analysis, 2002). Because about 70% of the corn
grain is fed to U.S. livestock (USDA, 2003a, 2003b),
doubling or tripling ethanol production can be ex-
pected to increase corn prices further for beef pro-
duction and ultimately increase costs to the consumer.
Therefore, in addition to paying the $8.4 billion in
taxes for ethanol and corn subsidies, consumers are
expected to pay significantly higher meat, milk, and
egg prices in the market place.

Currently, about 2.81 billion gallons of ethanol
(10.6 billion1) are being produced in the United States
each year (Kansas Ethanol, 2004). The total automo-
tive gasoline delivered in the U.S. was 500 billion I in
2003 (USCB, 2004). Therefore, 10.6 billion 1 of ethanol
(equivalent to 6.9 billion 1 of gasoline) provided only
2% of the gasoline utilized by U.S. automobiles each
year. To produce the 10.6 billion 1 of ethanol we use
about 3.3 million ha of land. Moreover significant
quantities of energy are needed to sow, fertilize, and
harvest the corn feedstock.

The energy and dollar costs of producing ethanol
can be offset partially by the by-products produced,
similar to the dry distillers grains (DDG) made from
dry-milling. From about 10 kg of corn feedstock,
about 3.3 kg of DDG can be harvested that has
27% protein (Stanton, 1999). This DDG has value
for feeding cattle that are ruminants, but has only
limited value for feeding hogs and chickens. The
DDG generally is used as a substitute for soybean
feed that has 49% protein (Stanton, 1999). Soybean
production for livestock production is more energy
efficient than corn production because little or no
nitrogen fertilizer is needed for the production of
this legume (Pimentel and others, 2002). Only 2.1 kg
of 49% soybean protein is required to provide the
equivalent of 3.3 kg of DDG. Thus, the credit fossil
energy per liter of ethanol produced is about 445 kcal
(Pimentel and others, 2002). Factoring this credit
in the production of ethanol reduces the negative
energy balance for ethanol production from 29%
to 20% (Table 2). Note that the resulting energy
output/input comparison remains negative even with
the credits for the DDG by-product. Also note that
these energy credits are contrived because no one
would actually produce livestock feed from ethanol
at great costs in fossil energy and soil depletion
(Patzek, 2004).

Pimentel and Patzek

When considering the advisability of producing
ethanol for automobiles, the amount of cropland re-
quired to grow sufficient corn to fuel each automobile
should be understood. To make ethanol production
seem positive, we use Shapouri’s (Shapouri, Duffield,
and Wang, 2002; Shapouri and others, 2004) sug-
gestion that all natural gas and electricity inputs be
ignored and only gasoline and diesel fuel inputs be
assessed; then, using Shapouri’s input/output data
results in an output of 775 gallons of ethanol per ha.
Because of its lower energy content, this ethanol has
the same energy as 512 gallons of gasoline. An aver-
age U.S. automobile travels about 20,000 miles/yr and
uses about 1,000 gallons of gasoline per yr (USBC,
2003). To replace only a third of this gasoline with
ethanol, 0.6 ha of corn must be grown. Currently, 0.5
ha of cropland is required to feed each American.
Therefore, even using Shapouri’s optimistic data, to
feed one automobile with ethanol, substituting only
one third of the gasoline used per year, Americans
would require more cropland than they need to feed
themselves!

Until recently, Brazil had been the largest pro-
ducer of ethanol in the world. Brazil used sugar-
cane to produce ethanol and sugarcane is a more
efficient feedstock for ethanol production than corn
grain (Pimentel and Pimentel, 1996). However, the
energy balance was negative and the Brazilian gov-
ernment subsidized the ethanol industry. There the
government was selling ethanol to the public for
22¢ per 1 that was costing them 33¢ per | to pro-
duce for sale (Pimentel, 2003). Because of serious
economic problems in Brazil, the government has
abandoned directly subsidizing ethanol (Spirits Low,
1999; Coelho and others, 2002). The ethanol in-
dustry is still being subsidized but the consumer is
paying this subsidy directly at the pump (Pimentel,
2003).

Environmental Impacts

Some of the economic and energy contributions
of the by-products mentioned earlier are negated
by the environmental pollution costs associated with
ethanol production. These are estimated to be more
than 6¢ per 1 of ethanol produced (Pimentel, 2003).
U.S. corn production causes more total soil ero-
sion that any other U.S. crop (Pimentel and others,
1995; NAS, 2003). In addition, corn production uses
more herbicides and insecticides than any other crop
produced in the U.S. thereby causing more water
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pollution than any other crop (NAS, 2003). Further,
corn production uses more nitrogen fertilizer than
any crop produced and therefore is a major contrib-
utor to groundwater and river water pollution (NAS,
2003). In some Western U.S. irrigated corn acreage,
for instance, in some regions of Arizona, groundwa-
ter is being pumped 10 times faster than the nat-
ural recharge of the aquifers (Pimentel and others,
2004b).

All these factors suggest that the environmental
system in which U.S. corn is being produced is being
rapidly degraded. Further, it substantiates the conclu-
sion that the U.S. corn production system is not envi-
ronmentally sustainable now or for the future, unless
major changes are made in the cultivation of this ma-
jor food/feed crop. Corn is raw material for ethanol
production, but cannot be considered to provide a re-
newable energy source.

Major air and water pollution problems also are
associated with the production of ethanol in the chem-
ical plant. The EPA (2002) has issued warnings to
ethanol plants to reduce their air pollution emissions
or be shut down. Another pollution problem is the
large amounts of wastewater that each plant produces.
As mentioned, for each liter of ethanol produced us-
ing corn, about 13 1 of wastewater are produced. This
wastewater has a biological oxygen demand (BOD)
of 18,000-37,000 mg/l depending on the type of plant
(Kuby, Markoja, and Nackford, 1984). The cost of pro-
cessing this sewage in terms of energy (4 kcal/kg of
BOD) was included in the cost of producing ethanol
(Table 2).

Ethanol contributes to air pollution problems
when burned in automobiles (Youngquist, 1997;
Hodge, 2002, 2003). In addition, the fossil fuels
expended for corn production and later in the
ethanol plants amount to expenditures of 6,597
kcal of fossil energy per 1,000 1 of ethanol pro-
duced (Table 2). The consumption of the fossil
fuels release significant quantities of pollutants
to the atmosphere. Furthermore, carbon dioxide
emissions released from burning these fossil fuels
contribute to global warming and are a serious
concern (Schneider, Rosencranz, and Niles, 2002).
When all the air pollutants associated with the entire
ethanol system are measured, ethanol production
contributes to the serious U.S. air pollution problem
(Youngquist, 1997; Pimentel, 2003). Overall, if air
pollution problems were controlled and included in
the production costs, then ethanol production costs in
terms of energy and economics would be significantly
increased.
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Negative or Positive Energy Return?

Shapouri (Shapouri and others, 2004) of the
USDA now are reporting a net energy positive return
of 67%, whereas in this paper, I report a negative
29% deficit. In their last report, Shapouri, Duffield,
and Wang (2002) reported a net energy positive re-
turn of 34%. Why did ethanol production net return
for the USDA nearly double in 2 yr while corn yields
in the U.S. declined 6% during the past 2 yr (USDA,
2002, 2003a)? Shapouri results need to be examined.

(1) Shapouri (Shapouri and others, 2004) omit
several inputs, for instance, all the energy re-
quired to produce and repair farm machinery,
as well as the fermentation-distillation equip-
ment. All the corn production in the U.S. is
carried out with an abundance of farm ma-
chinery, including tractors, planters, sprayers,
harvesters, and other equipment. These are
large energy inputs in corn ethanol produc-
tion, even when allocated on a life cycle
basis.

(2) Shapouri used corn data from only 9 states,
whereas we use corn data from 50 states.

(3) Shapourireported anetenergy return of 67%
for the co-products, primarily dried-distillers
grain (DDG) used to feed cattle.

(4) Although we did not allocate any energy re-
lated to the impacts that the production of
ethanol has on the environment, they are sig-
nificant in U.S. corn production. (Please see
our previous comments on this subject).

(5) Andrew Ferguson (2004) makes an astute
observation about the USDA data. The
proportion of sun’s energy that is converted
into useful ethanol, using the USDA’s posi-
tive data, only amounts to 5 parts per 10,000.
If the figure of 50 million ha were to be de-
voted to growing corn for ethanol, then this
acreage would supply only about 11% of U.S.
liquid fuel needs.

(6) Many other investigators support our type
of assessment of ethanol production. (Please
see our previous comments on this subject).

Food Versus Fuel Issue

Using corn, a human food resource, for ethanol
production, raises major ethical and moral issues. To-
day, malnourished (calories, protein, vitamins, iron,
and iodine) people in the world number about
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3.7 billion (WHO, 2000). This is the largest number
of malnourished people and proportion ever reported
in history. The expanding world population that now
number 6.5 billion complicates the food security prob-
lem (PRB, 2004). More than a quarter million people
are added each day to the world population, and each
of these human beings requires adequate food.

Malnourished people are highly susceptible to
various serious diseases; this is reflected in the rapid
rise in number of seriously infected people in the
world as reported by the World Health Organization
(Kim, 2002).

The current food shortages throughout the world
call attention to the importance of continuing U.S. ex-
ports of corn and other grains for human food. Cereal
grains make up 80% of the food of the people world-
wide. During the past 10 years, U.S. corn and other
grain exports have nearly tripled, increasing U.S. ex-
port trade by about $3 billion per yr (USBC, 2003).

Concerning the U.S. balance of payments, the
U.S. is importing more than 61% of its oil at a cost
of more than $75 billion per yr (USBC, 2003). Oil
imports are the largest deficit payments incurred by
the United States (USBC, 2003). Ethanol produc-
tion requires large fossil energy input, therefore, it
is contributing to oil and natural gas imports and U.S.
deficits (USBC, 2003).

At present, world agricultural land based on
calories supplies more than 99.7% of all world food
(calories), while aquatic ecosystems supply less than
0.3% (FAO,2001). Already worldwide, during the last
decade per capita available cropland decreased 20%,
irrigation 12%, and fertilizers 17% (Brown, 1997).
Expanding ethanol production could entail divert-
ing valuable cropland from producing corn needed
to feed people to producing corn for ethanol facto-
ries. The practical aspects, as well as the moral and
ethical issues, should be seriously considered before
steps are taken to convert more corn into ethanol for
automobiles.

SWITCHGRASS PRODUCTION
OF ETHANOL

The average energy input per hectare for switch-
grass production is only about 3.8 million kcal per yr
(Table 3). With an excellent yield of 10 t/ha/yr, this
suggests for each kcal invested as fossil energy the
return is 11 kcal—an excellent return. If pelletized
for use as a fuel in stoves, the return is reported to
be about 1:14.6 kcal (Samson, Duxbury, and Mulkins,

Pimentel and Patzek

Table 3. Average Inputs and Energy Inputs Per Hectare Per Year
for Switchgrass Production

Input Quantity 103 kcal Dollars
Labor 5 hr* 20° $65¢
Machinery 30 kg? 555 507
Diesel 100 L¢ 1,000 50
Nitrogen 50 kg® 800 28¢
Seeds 1.6 kg’ 1004 3f
Herbicides 3 kgs 300" 304
Total 10,000 kg yield’ 2,755 $2307
40 million input/ 1:14.4%
kcal yield output ratio

“Estimated; ® Average person works 2,000 h per yr and uses about
8,000 1 of oil equivalents. Prorated this works out to be 20,000
keal; “The agricultural labor is paid $13 per h; “The machinery
estimate also includes 25% more for repairs; ¢Calculated based
on data from David Parrish (pers. comm., Virginia Technology
University, 2005); IData from Samson, 1991; §Calculated based
on data from Henning, 1993; 1100,000 kcal per kg of herbicide;
iSamson and others, 2000; /Brummer and others, 2000 estimated
a cost of about $400/ha for switchgrass production. Thus, the $268
total cost is about 49% lower that what Brummer and others (2000)
estimates and this includes several inputs not included in Brummer
and others (2000); KSamson and others (2000) estimated an input
per output return of 1:14.9, but I have added several inputs not
included in Samson and others (2000). The input/output returns,
however, are similar.

2004). The 14.6 is higher than the 11 kcal in Table 3,
because here a few more inputs were included than
in Samson, Duxbury, and Mulkins, (2004) report. The
cost per ton of switchgrass pellets ranges from $94
to $130 (Samson, Duxbury, and Mulkins, 2004). This
seems to be an excellent price per ton.

However, converting switchgrass into ethanol re-
sults in a negative energy return (Table 4). The nega-
tive energy return is 50% or slightly higher than the
negative energy return for corn ethanol production
(Tables 2 and 4). The cost of producing a liter of
ethanol using switchgrass was 54¢ or 9¢ higher than
the 45¢ per 1 for corn ethanol production (Tables 2 and
4). The two major energy inputs for switchgrass con-
version into ethanol were steam and electricity pro-
duction (Table 4).

WOOD CELLULOSE CONVERSION
INTO ETHANOL

The conversion of 2,500 kg of wood harvested
from a sustainable forest into 1,000 I of ethanol re-
quire an input of about 9.0 million kcal (Table 5).
Therefore, the wood cellulose system requires slightly
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Table 4. Inputs Per 1000 1 of 99.5% Ethanol Produced From
U.S. Switchgrass
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Table 5. Inputs Per 1000 I of 99.5% Ethanol Produced From U.S.
wood cellulose

Inputs Quantities kcal x 1000*  Costs
Switchgrass 2,500 kgb 694¢ $250°
Transport, 2,500 kg? 300 15
switchgrass
Water 125,000 kg® 70/ 20m
Stainless steel 3kgé 458 118
Steel 4 kg8 468 118
Cement 8 kg8 158 118
Grind switchgrass 2,500 kg 100" 8"
Sulfuric acid 118 kg' 0 83"
Steam production 8.1 tons! 4,404 36
Electricity 660 kWh' 1,703 46
Ethanol conversion 9 kcal/L/ 9 40
t0 99.5%
Sewage effluent 20 kg (BOD)* 69 6
Total 7,455 $537

Note. Requires 45% more fossil energy to produce 1 1 of ethanol
using 2.5 kg switchgrass than the energy in a liter of ethanol. Total
cost per liter of ethanol is 54¢. A total of 0.25 kg of brewers yeast
(80% water) was produced per 1,000 1 of ethanol produced. This
brewers yeast has a feed value equivalent in soybean meal of about
480 kcal.

“QOutputs: 1000 1 of ethanol = 5.13 million kcal; *Samson (1991)
reports that 2.5 kg of switchgrass is required to produce 1 1 of
ethanol; “Data from Table 1 on switchgrass production; Estimated
144 km roundtrip; ‘Pimentel and others, 1988; /Estimated water
needs for the fermentation program; 8Slesser and Lewis, 1979;
hCalculated based on grinder information (Wood Tub Grinders,
2004); iEstimated based on cellulose conversion (Arkenol, 2004);
195% ethanol converted to 99.5% ethanol for addition to gasoline
(T. Patzek, pers. comm., University of California, Berkeley, 2004);
k20 kg of BOD per 1,000 1 of ethanol produced (Kuby, Markoja,
and Nactford, 1984); /4 kWh of energy required to process 1 kg
(Blais and others, 1995); "Pimentel, 2003; "Sulfuric acid sells for
$7 per kg. It is estimated that the dilute acid is recycled 10 times;
?Samson, Duxbury, and Mulkins, 2004.

more energy to produce the 1,000 1 of ethanol than
using switchgrass (Tables 4 and 5). About 57% more
energy is required to produce a liter of ethanol using
wood than the energy harvested as ethanol.

The ethnaol cost per liter for wood-produced
ethanol is slightly higher than the ethanol produced
using switchgrass, 58¢ versus 54¢, respectively (Tables
4 and 5). The two largest fossil energy inputs in the
wood cellulose production system were steam and
electricity (Table 5).

SOYBEAN CONVERSION INTO BIODIESEL

Various vegetable oils have been converted into
biodiesel and they work well in diesel engines. An
assessment of producing sunflower oil proved to

Inputs Quantities kcal x 1000  Costs
Wood, harvest (fuel) 2,500 kgb 400¢ $ 250"
Machinery 5 kg™ 100™ 10°
Replace nitrogen 50 kg¢ 800 28°
Transport, wood 2,500 kg? 300 15
Water 125,000 kg* 70/ 20°
Stainless steel 3 kgs 458 118
Steel 4 kg8 468 118
Cement 8 kg8 158 118
Grind wood 2,500 kg 100" 8"
Sulfuric acid 118 kg? 0 837
Steam production 8.1 tons® 4,404 36
Electricity 666 kWh?! 1,703 46
Ethanol conversion 9 kcal/L! 9 40
t0 99.5%
Sewage effluent 20 kg (BOD)/ 69% 6
Total 8,061 $575

Note. Requires 57% more fossil energy to produce 11 of ethanol
using 2 kg wood than the energy in a liter of ethanol. Total cost
per liter of ethanol is 58¢. A total of 0.2 kg of brewers yeast (80%
water) was produced per 1,000 1 of ethanol produced. This brewers
yeast has a feed value equivalent in soybean meal of 467 kcal.
2Qutputs: 1000 I of ethanol = 5.13 million kcal; ? Arkenol (2004)
reported that 2 kg of wood produced 1 1 of ethanol. We ques-
tion this 2 kg to produce 1 1 of ethanol when it takes 2.69 kg of
corn grain to produce 1 1 of ethanol. Others are reporting 13.2 kg
of wood per kg per 1 of ethanol (DOE, 2004). We used the opti-
mistic figure of 2.5 kg of wood per 1 of ethanol produced; €50 kg of
nitrogen removed with the 2,500 kg of wood (Kidd and Pimentel,
1992); dEstimated 144 km roundtrip; *Pimentel and others, 1988;
FEstimated water needs for the fermentation program; 8Slesser
and Lewis, 1979; " Calculated based on grinder information (Wood
Tub Grinders, 2004); 195% ethanol converted to 99.5% ethanol
for addition to gasoline (T. Patzek, pers. comm., University of
California, Berkeley, 2004); /20 kg of BOD per 1,000 1 of ethanol
produced (Kuby, Markoja, and Nackford, 1984); ¥4 kWh of en-
ergy required to process 1 kg (Blais and others, 1995); ‘Illinois
Corn, 2004; "Mead and Pimentel, 2004; "Samson, Duxbury, and
Mulkins, 2004; °Pimentel, 2003; ?Sulfuric acid sells for $7 per kg.
It is estimated that the dilute acid is recycled 10 times.

be energy negative and costly in terms of dollars
(Pimentel, 2001). Although soybeans contain less oil
than sunflower, about 18% soy oil compared with
26% oil for sunflower, soybeans can be produced
without or nearly zero nitrogen (Table 6). This
makes soybeans advantageous for the production
of biodiesel. Nitrogen fertilizer is one of the most
energy costly inputs in crop production (Pimentel
and others, 2002).

The yield of sunflower also is lower than
soybeans, 1,500 kg/ha for sunflower compared with
2,668 kg/ha for soybeans (USDA, 2003a). The pro-
duction of 2,668 kg/ha of soy requires an input of
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Table 6. Energy Inputs and Costs in Soybean Production Per
Hectare in the U.S.

Inputs Quantity kcal x 1000 Costs $
Labor 7.1 he 2840 92.30c
Machinery 20 kg? 360° 148.00f
Diesel 38.8 L4 4428 20.18
Gasoline 35.7L¢ 270" 13.36
LP gas 331 25 1.20
Nitrogen 3.7 kg/ 59k 229
Phosphorus 37.8 kg/ 156™ 23.44"
Potassium 14.8 kg/ 48° 4.59¢
Lime 4800 kg¥ 1,3494 110.38Y
Seeds 09.3 kg? 5544 48.58"
Herbicides 1.3 kg/ 130¢ 26.00
Electricity 10 kWhe 29% 0.70
Transport 154 kg' 40" 46.20
Total 3,746 $537.22
Soybean yield 2,668 kg/ha® 9,605 kcal input:

output 1:2.56

@ Ali and McBride, 1990; °1t is assumed that a person works 2,000 h
per yr and utilizes an average of 8,000 I of oil equivalents per yr;
It is assumed that labor is paid $13 an h; 4Pimentel and Pimentel,
1996; “Machinery is prorated per hectare and a 10 yr life of the
machinery. Tractors weigh from 6 to 7 tons and harvestors from 8
to 10 tons, plus plows, sprayers, and other equipment; f College of
Agri., Consumer and Environ. Sciences, 1997. $Input 11,400 kcal
per I; "Input 10,125 kcal per I; ‘Input 7,575 kcal per 1; / Economic
Research Statistics, 1997; ¥Patzek, 2004; 'Hinman and others, 1992;
"nput 4,154 kcal per kg; " Cost 62¢ per kg; °Input 3,260 kcal per kg;
PCosts 31¢per kg; YPimentel and others, 2002; " Costs about 70¢ per
kg; * Input 860 kcal per kWh and requires 3 kWh thermal energy to
produce 1 kWh electricity; ‘ Goods transported include machinery,
fuels, and seeds that were shipped an estimated 1,000 km; “Input
0.83 kcal per kg per km transported; YKassel and Tidman, 1999;
Mansfield, 2004; Randall and Vetsch, 2004; ¥ USDA, 2003a, 2003b.

about 3.7 million kcal per ha and costs about $537/ha
(Table 6).

With a yield of oil of 18% then 5,556 kg of
soybeans are required to produce 1,000 kg of oil
(Table 7). The production of the soy feedstock re-
quires an input of 7.8 million kcal. The second largest
input is steam that requires an input of 1.4 million
kcal (Table 7). The total input for the 1,000 kg of soy
oil is 11.4 million kcal. With soy oil having an energy
value of 9 million kcal, then there is a net loss of
32% in energy. However, a credit should be taken for
the soy meal that is produced and this has an energy
value of 2.2 million kcal. Adding this credit to soy-
bean oil credit, then the net loss in terms of energy
is 8% (Table 7). The price per kg of soy biodiesel is
$1.21, however, taking credit for the soy meal would
reduce this price to 92¢ per kg of soy oil (Note, soy
oil has a specific gravity of about 0.92, thus soy oil
value per liter is 84¢ per 1. This makes soy oil about

Pimentel and Patzek

Table 7. Inputs Per 1,000 kg of Biodiesel Oil From Soybeans

Inputs Quantity  kcal x 1000 Costs $
Soybeans 5,556 kg“ 7,800 $1,117.427
Electricity 270 kWh? 697¢ 18.90¢
Steam 1,350,000 kcal® 1,350° 11.06¢
Cleanup water 160,000 kcal? 160° 1.31¢
Space heat 152,000 kcal® 1526 1.24¢
Direct heat 440,000 kcal® 440° 3.61¢
Losses 300,000 kcal® 3000 2.46¢
Stainless steel 11 kgf 1581 18.728
Steel 21 kg 2467 18.728
Cement 56 kg’ 106/ 18.728
Total 11,878 $1,212.16

Note. The 1,000 kg of biodiesel produced has an energy value of
9 million kcal. With an energy input requirement of 11.9 million
kcal, there is a net loss of energy of 32%. If a credit of 2.2 million
kcal is given for the soy meal produced, then the net loss is 8%.
The cost per kg of biodiesel is $1.21.

9Data from Table 6; ’Data from Singh, 1986; “An estimated
3 kWh thermal is needed to produce a kWh of electricity; ¢Cost
per kWh is 7¢; “Calculated cost of producing heat energy using
coal; /Calculated inputs using data from Slesser and Lewis, 1979;
8Calculated costs from Pimentel, 2003.

2.8 times as expensive as diesel fuel). This makes soy
oil expensive compared with the price of diesel that
costs about 30¢ per I to produce (USBC, 2003).

Sheehan and others (1998, p. 13) of the Depart-
ment of Energy also report a negative energy return
in the conversion of soybeans into biodiesel. They re-
port “1 MJ of biodiesel requires an input of 1.24 MJ
of primary energy.”

Soybeans are a valuable crop in the United
States. The target price reported by the USDA
(2003a) is 21.2¢/kg while the price calculated in
Table 6 for average inputs per hectare is 20.1¢/kg.
These values are close.

SUNFLOWER CONVERSION
INTO BIODIESEL

In a preliminary study of converting sunflower
into biodiesel fuel, as mentioned, the result in terms
of energy output was negative (Pimentel, 2001). In
the current assessment, producing sunflower seeds
for biodiesel yields 1,500 kg/ha (USDA, 2003a) or
slightly higher than the 2001 yield. The 1,500 kg/ha
yield is still significantly lower than soybean and corn
production per ha.

The production of 1,500 kg/ha of sunflower seeds
requires a fossil energy input of 6.1 million kcal
(Table 8). Thus, the kcal input per kcal output is neg-
ative with a ratio of 1:0.76 (Table 8). Sunflower seeds
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Table 8. Energy Inputs and Costs in Sunflower Production Per Ha

in the U.S.

Inputs Quantity kcal x 1000 Costs $
Labor 8.6 h? 3440 111.80¢
Machinery 20 kg 360¢ 148.00f
Diesel 180 L? 1,800¢ 93.62"
Nitrogen 110 kg/ 1,760% 68.08!
Phosphorus 71 kg’ 293" 44.03"
Potassium 100 kg’ 324° 34.11°
Lime 1000 kg’ 2814 23.00
Seeds 70 kg* 5609 49.07"
Herbicides 3 kg/ 300¥ 60.00!
Electricity 10 kWh¢ 29% 0.70

Transport 270 kg! 68" 81.00

Total 6,119 $601.61

Sunflower yield 1,500 kg/ha" 4,650 kcal input:

output 1:0.76

aKnowles and Bukantis, 1980; ?It is assumed that a person works
2,000 h per year and utilizes an average of 8,000 1 of oil equivalents
per yr; It is assumed that labor is paid $13 an h; ¢Pimentel and
Pimentel, 1996; Machinery is prorated per ha and a 10 yr life of
the machinery. Tractors weigh from 6 to 7 tons and harvestors from
8 to 10 tons, plus plows, sprayers, and other equipment; / College of
Agriculture, Consumer and Environ. Sciences, 1997; $Input 10,000
keal per 1;#52¢ per 1;1$20 per kg; / Blamey, Zollinger, and Schneiter,
1997; kPatzek, 2004; 'Hinman and others, 1992; "Input 4,154 kcal
per kg; "Cost 62¢ per kg; °Input 3,260 kcal per kg; P Costs 31¢per kg;
9Based on 7,900 kcal per kg of sunflower seed production; "Costs
about 70¢ per kg; *Input 860 kcal per kWh and requires 3 kWh
thermal energy to produce 1 kWh electricity; ' Goods transported
include machinery, fuels, and seeds that were shipped an estimated
1,000 km; “Input 0.83 kcal per kg per km transported; V100,000 kcal
of energy required per kg of herbicide; " USDA, 2003a, 2003b.

have higher oil content than soybeans, 26% versus
18%. However, the yield of sunflower is nearly one
half that of soybean.

Thus, to produce 1,000 kg of sunflower oil
requires 3,920 kg of sunflower seeds with an energy
input of 156.0 million kcal (Table 9). This is the largest
energy input listed in Table 9. Therefore, to produce
1,000 kg of sunflower oil with an energy content of
9 million kcal, the fossil energy input is 118% higher
than the energy content of the sunflower biodiesel
and the calculated cost is $1.66 per kg of sunflower
oil (Table 9) (Note, the specific gravity of sunflower
oil is 0.92, thus the cost of a liter of sunflower oil is
$1.53 per 1).

CONCLUSION

Several physical and chemical factors limit the
production of liquid fuels such as ethanol and
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Table 9. Inputs Per 1,000 kg of Biodiesel Oil From Sunflower

Inputs Quantity kcal x 1000  Costs $

Sunflower 3,920 kg* 15,990¢ $1.570.20*
Electricity 270 kWh? 697¢ 18.907
Steam 1,350,000 kcal? 1,350° 11.06°
Cleanup water 160,000 kcal® 1607 1.31¢
Space heat 152,000 kcal® 1520 1.24¢
Direct heat 440,000 kcal® 440P 3.61¢
Losses 300,000 kcal® 3000 2.46°
Stainless steel 11 kgf 158/ 18.728
Steel 21 kg 2467 18.728
Cement 56 kg’ 106/ 18.728
Total 19,599 $1,662.48

Note. The 1,000 kg of biodiesel produced has an energy value of
9 million kcal. With an energy input requirement of 19.6 million
kcal, there is a net loss of energy of 118%. If a credit of 2.2 million
kcal is given for the soy meal produced, then the net loss is 96%.
The cost per kg of biodiesel is $1.66.

9Data from Table 8; ’Data from Singh, 1986; “An estimated
3 kWh thermal is needed to produce a kWh of electricity; ¢Cost
per kWh is 7¢; “Calculated cost of producing heat energy using
coal; fCalculated inputs using data from Slesser and Lewis, 1979;
8Calculated costs from Pimentel, 2003.

biodiesel using plant biomass materials. These include
the following:

(1) An extremely low fraction of the sunlight
reaching America is captured by plants. On
average the sunlight captured by plants is
only about 01.%, with corn providing 0.25%.
These low values are in contrast to photo-
voltaics that capture from 10% or more sun-
light, or approximately 100-fold more sun-
light than plant biomass.

(2) In ethanol production the carbohydrates
are converted into ethanol by microbes,
that on average bring the concentration of
ethanol to 8% in the broth with 92% water.
Large amounts of fossil energy are required
to remove the 8% ethanol from the 92%
water.

(3) For biodiesel production, there are two prob-
lems: the relatively low yields of oil crops
ranging from 1,500 kg/ha for sunflower to
about 2,700 kg/ha for soybeans; sunflower
averages 25.5% oil, whereas soybeans av-
erage 18% oil. In addition, the oil extrac-
tion processes for all oil crops is highly en-
ergy intensive as reported in this manuscript.
Therefore, these crops are poor producers of
biomass energy.
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