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Abstract: The rapidly growing world population and rising consumption of biofuels are
increasing demand for both food and biofuels. This exaggerates both food and fuel
shortages. Using food crops such as corn grain to produce ethanol raises major nutritional
and ethical concerns. Nearly 60% of humans in the world are currently malnourished, so
the need for grains and other basic foods is critical. Growing crops for fuel squanders land,
water and energy resources vital for the production of food for human consumption. Using
corn for ethanol increases the price of U.S. beef, chicken, pork, eggs, breads, cereals, and
milk more than 10% to 30%.
Keywords: agriculture, biofuels, energy, food security, fossil fuels, natural resources,
renewable energy.
__________________________________________________________________________________
1. Introduction
With shortages of fossil energy, especially oil and natural gas, and heavy biomass energy
consumption occurring in both developed and developing countries, a major focus has developed
worldwide on biofuel production [1-3]. Emphasis on biofuels has developed globally, including those
made from crops such as corn, sugarcane, and soybean, considered by some researchers as renewable
energy sources. Wood and crop residues also are being used as fuel [4]. Though it may seem beneficial
to use renewable plant materials for biofuel, the use of crop residues and other biomass for biofuels
raises concerns about major environmental impacts [5].
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Conflicts exist today in the use of land, water, energy, and other environmental resources required
by both food and biofuel production. Although much of the land worldwide is occupied by grain and
other crops, malnutrition is still the leading cause of death in the world today [6]. The World Health
Organization [7] reports that more than 3.7 billion people (56% of the global population) are currently
malnourished and that number is steadily increasing. Grains make up more than 80% of the world food
supply, and unfortunately the Food and Agricultural Organization of the United Nations reports that
per capita grain production has been declining for the past 23 years [8,9]. This suggests that the
nutritional needs of the human population will require an increasing amount of agricultural resources
as food.
Food and biofuels are dependent on the same resources for production: land, water, and energy. In
the U.S., about 19% of all fossil energy is utilized in the food system, including about 7% for
agricultural production, 7% for processing and packaging foods, and about 5% for distribution and
preparation of food [10]. In developing countries, about 50% of wood energy is used primarily for
cooking in the food system [11]. Worldwide, the process of turning natural resources into food
requires large amounts of energy, land, and water resources. The objective of this article is to analyze:
(1) the reliance of both food and biofuel for the same land, water, and fossil energy resources in food
versus biofuel production and (2) the characteristics of the environmental impacts caused by food and
biofuel production.
2. Food supply and malnourishment in the world
Serious problems face the world food supply today. The human population faces serious food
shortages and malnutrition [7]. Considering this crisis, the Food and Agricultural Organization (FAO)
of the United Nations confirms that worldwide food available per capita has been declining
continuously based on availability of cereal grains during the past 23 years [8], which make up
alarmingly about 80% of the world’s food supply [9]. Although grain yields per hectare in both
developed and developing countries are still gradually increasing, the rate of increase is slowing, while
the world population and its food needs are rising rapidly [8,12]. For example, from 1950 to 1980,
U.S. grain yields increased at about 3% per year, but since 1980, the annual rate of increase for corn
and other other grains is only approximately 1% [13]. Therefore, the rate of increase in grain
production is not keeping up with the rapid rate of world population growth of 1.2% [12].
In 2005, the World Health Organization reported the largest number and proportion of
malnourished people, 3.7 billion [7]. This is the largest number and proportion of malnourished people
ever reported. Their assessment of malnutrition includes deficiencies in calories, protein, iron, iodine,
and vitamins A, B, C, and D [14,15]. Others, like FAO [16], report that 850 million people are
malnourished (based only on protein/calorie malnourishment). However, this estimate is low because it
does not account for the strenuous work and micronutrient deficiencies that affect billions of people
worldwide [17]. Malnutrition is especially difficult for children because of their rapid growth and
activity. Malnutrition is the underlying cause of more than half of the deaths of children under 5 years
old worldwide [18]. Furthermore, the UN reports over 9 million people die from starvation each year
[19]. Food shortages are also related to such problems as distribution, wars, droughts, and climate
change.
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In order to solve the problem of malnutrition in the world, the U.S. must address over-consumption
of food, fuel, and other resources. The average American consumes more than 1,000 kg (2,200 lbs) of
food per year [20]. This is the equivalent of an average of 3,800 kcal per day, whereas the average
male only requires 2,400 kcal and female 2,000 kcal per day [20]. The U.S. over-consumption is
compounded by the massive use of fats and sweets in the diet [21].
Growing crops for biofuel will only exacerbate the problem of resource allocation, for biofuel
production depletes land, water, and energy resources for human food production.
3. World cropland resources
More than 99.7% of human food comes from the terrestrial environment, while less than 0.3%
comes from the oceans and other aquatic ecosystems [22]. Most of the suitable land for biomass
production is already in production. Worldwide, of the total 13 billion hectares of land area on earth
the percentages in use are: cropland, 11%; pasture land, 27%; forest land, 32%; urban, 9%; and other
21%. The remaining land (21%) is unsuitable for crops, pasture, and/or forests because the soil is too
infertile or shallow to support plant growth, or the climate and region are too cold, dry, steep, stony, or
wet [23]. Thus, most suitable land for production is already is in use.
In 1999 the United Nations reported that only 0.22 ha of cropland per capita was available
worldwide [24,25]; however, 0.5 ha is considered essential. In 1960, when the world population
numbered only 3 billion, approximately 0.5 ha per capita was available for the production of a diverse,
nutritious diet of plant and animal products [26].
As the human population continues to increase, there has been an expansion of diverse human
activities, which has reduced available cropland and pasture land. For example, vital cropland and
pasture land has been covered by transportation systems and urbanization. In the U.S., each person in
the population uses 0.4 ha (1 acre) of land for urbanization and highways [27]. China’s recent
explosion in development provides an example of rapid declines in the availability of per capita
cropland [28]. The current amount of available cropland in China is only 0.08 ha per capita (Table 1).
This relatively small amount of cropland provides the people in China with a predominantly vegetarian
diet, which requires less energy, land, and biomass than a typical American diet.
Table 1. Resources used and/or available per capita per year in the U.S., China, and the
world to supply basic human needs [23].
Resources
Land
Cropland (ha)
Pasture (ha)
Forest (ha)
Total (ha)
Water (liters x 106)
Fossil fuel (BP, 2005)
Oil equivalents (liters) 9,500

U.S.

China

World

0.48
0.79
0.79
2.78
2.0

0.08
0.33
0.11
0.46
0.46

0.22
0.52
0.59
1.97
0.60

1,400

2,100
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As a result of world population growth, the average available cropland per capita worldwide has
now diminished to less than 0.22 ha (a total of 1.5 billion ha of cropland [25]. This is about half the
amount currently available in the U.S.; the average cropland per capita in the U.S. has also declined to
0.48 ha, or less than the critical land area essential for diverse food production (Table 1).
The availability of cropland influences the kinds and types of foods produced. For example, at
present, a total of 1,400 kg/yr per capita of agricultural product is produced to feed each American,
while the Chinese food supply averages only 800 kg/yr per capita [28]. By all available measurements,
the Chinese have reached or exceeded the limits of their agricultural system. Furthermore, the reliance
of the Chinese on large inputs of fossil-fuel based fertilizers to compensate for shortages of arable land
and severely eroded soils, and a limited fresh water supply, suggest severe problems looming in the
near future [28]. Today, China imports large amounts of grain from the United States and other nations
and is expected to further increase grain imports in the near future, because of land and water
shortages.
4. World water resources
Water is a vital resource for crop production and human survival [30]. The production of 9 t/ha of
corn requires about 7 million liters of water (about 700,000 gallons of water per acre) [31]. However,
world irrigation has declined about 10% during the past 10 years based on World Bank lending [32].
This is of critical importance because 17% of the crops that are irrigated provide 40% of the world
food supply [22]. Thus, the world’s capacity for food production is becoming limited by declining
water resources.
5. Energy resources
Humans have relied on various sources of power for centuries, but solar energy is the ultimate
source of global production. Biologically captured solar energy is vital to all natural ecosystems and to
maintaining the diversity of all life systems. Other energy sources have ranged from human power,
animal, wind, tidal, and water energy to wood, coal, gas, oil, and nuclear sources for fuel and power.
Since about the year 1700, abundant fossil fuel energy supplies have made it possible to augment
agricultural production to feed an increasing number of humans [9]. For example, energy availability
has made possible the purification and transport of water, reduced human diseases, and a generally
enhanced quality of human life.
Since the industrial revolution of the 1850’s, the total rate of energy use from all sources has been
growing even faster than world population growth. From 1970 to 1995, energy use increased at a rate
of 2.5% per year (doubling every 30 years) compared with the worldwide population growth of 1.7%
per year (doubling every 40 to 60 years) [9]. The use and availability of energy resources will start to
decline slowly and continuously until little or no oil and gas resources remain [33-35].
About 50% of all the solar energy captured by worldwide photosynthesis is used by humans for
food, forest products, and other systems. However, it is still inadequate to meet all current human
needs – namely, food needs [36]. To make up for this shortfall, about 473 quads (1 quad = 1 x 1015
BTU) of fossil energy, mainly oil, gas, coal, and a small amount of nuclear, are utilized worldwide
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each year (Table 2). Of the 473 quads, about 100 quads (or about 22%) of the world’s total energy are
utilized in the United States [27].
Table 2. Fossil and solar energy use in the U.S. and world (quads = 1015 BTU) [27].
Fuel
Petroleum
Natural Gas
Coal
Nuclear
Biomass
Hydroelectric power
Geothermal and windpower
Biofuels
Total

U.S.
40.1
23.0
22.3
8.2
3.0
3.4
0.4
0.5
100.9

World
168
103
115
28
30
27
0.8
0.9
472.7

5.1 Solar Energy Captured by Green Plants
A large amount of vegetation biomass is required to supply the growing human population with
usable biomass energy. Some estimate that approximately 0.5% of the solar energy reaching the earth
is captured by green plants [37]. In the U.S., Pimentel and Patzek (2006) [38] estimate that 0.1% of
total solar energy is captured by green plants (Table 3). The U.S. has a total land area of 917 million
hectares and a current population of 302 million [12]. The U.S. population adds 3.3 million more
humans per year with a rate of increase at 1.1%, which is more than double the rate of increase in
China at 0.5% [12]. This growing population will result in more land used for urbanization, highways,
and food production, all of which will further stress U.S. natural resources.
Table 3. Total amount of above ground biomass except for some crops that include
underground biomass and solar energy captured each year in the United States. An
estimated 32 x 1015 BTU of sunlight captured in the U.S. per year suggests that the green
plants in the U.S. are collecting 0.1% of the solar energy [39-42].

Crops
Pasture
Forest
Total

901 x 106 tons
600 x 106 tons
527 x 106 tons
2,028 x 106 tons

14.4 x 1015 BTU
9.6 x 1015 BTU
8.4 x 1015 BTU
32.4 x 1015 BTU

Nearly one half (45%) of the land area in the United States is already used for crops and pastures
[20]. The forest land area covers 30%. Urban areas and highways cover approximately 3%, with
miscellaneous areas covering about 23% [20].
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5.2 U.S. Energy Use
Each year, the U.S. population uses 3 times as much fossil energy as the total solar energy captured
by harvested U.S. crops, forest products, and other vegetation (Tables 1-3). Industry, transportation,
home heating and cooling, and food production account for most of the fossil energy consumed in the
United States [27]. Per capita use of fossil energy in the United States per year amounts to about 9,500
liters of oil equivalents -- more than 7-times the per capita use in China (Table 1). In China, most fossil
energy is used by industry, although a substantial amount, approximately 25%, is now used for
agriculture and in the food production system [28].
Taken together, developed nations annually consume about 70% of the fossil energy worldwide,
while the developing nations, which represent about 75% of the world population, use only 30% of
world fossil energy [43]. The United States, with only 4.5% of the world's population, is a major
consumer of fossil energy and annually consumes about 22% of the world's fossil energy output (Table
2).
Some developing nations that are experiencing especially high rates of population growth are
increasing fossil fuel use to help augment their agricultural production of food and fiber. For example,
since 1955 in China, there has been a 100-fold increase in fossil energy use in agriculture for
fertilizers, pesticides, and irrigation [28]. However, as fossil energy resources decline, the use of fossil
energy will become limited for food production, causing even more severe food shortages for the
rapidly growing world population.
Worldwide fertilizer use per capita has declined by more than 22% since 1989, especially in the
developing countries, due to fossil fuel shortages and high prices for fertilizers [44]. During the past 5
years, nitrogen fertilizer costs have more than doubled in the U.S. [45]. In addition, the overall
projections of available fossil energy resources for manufacturing fertilizers and all other purposes are
discouraging as the reserves of these finite fossil fuels rapidly diminish.
5.3 Fossil Fuel Supplies
World oil production has peaked and projections are that by 2040 oil will decline to about 62%
below peak (W. Youngquist, petroleum geologist, Eugene, OR, 30 April, 2008). The world supply of
oil is projected to last approximately 40-60 years, if use continues at current production rates [29].
Natural gas is considered adequate for about 30 years and coal for less than 100 years [29,46]. In the
U.S., natural gas is already in short supply; it is projected that the U.S. will deplete its natural gas
resources in about 20 years [33].
Initial drilling for oil and gas provided optimistic estimates of fossil fuel resources in the U.S. [46].
However, both the U.S. oil production rate and existing reserves have been declining for more than 30
years [27, 47]. To date, approximately 90% of U.S. oil resources have already been exploited (W.
Youngquist, personal communication, petroleum geologist, Eugene, Oregon, 2002) [48]. At present,
the United States is importing more than 65% of its oil [27], which puts the U.S. economy at risk due
to fluctuating oil prices and difficult international political situations.
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6. Biomass Resources
Worldwide, most biomass is burned for cooking and heating; however, it can also be converted into
electricity. Assuming an optimal yield of 3 dry metric tons (t/ha) per year of woody biomass can be
harvested sustainably, this would provide a gross energy yield of 13.5 million kcal/ha [49,50].
Harvesting this wood biomass requires an energy expenditure of approximately 30 liters of diesel fuel
per ha, not including the embodied energy for cutting and collecting wood for transport to an electric
power plant. Thus, the energy input per output ratio for such a system is calculated to be 1:25 [51].
Fuelwood provides an important source of biomass energy used for industry and homes in the
United States, accounting for 3% of the total energy use in the U.S. [27]. About 60% of this biomass is
wood-waste fuel from paper producing plants, lumber mills, and furniture producing plants [27].
Approximately 30% of the wood is utilized in homes and power plants as fuel [52].
The cost of producing 1 kWh of electricity from woody biomass in the U.S. is about $0.06, which is
competitive with other electricity production systems that average $0.08 in the U.S. [27,53].
Approximately 3 kWh of thermal energy is expended to produce 1 kWh of electricity, an energy
input/output ratio of 1:3. Per capita consumption of woody biomass for heat in the U.S. amounts to 625
kilograms (kg) per year. The diverse biomass resources (wood, crop residues, and dung) used in
developing nations averages about 630 kg per capita per year [54]. Developing countries use only
about 500 liters of oil equivalents of fossil energy per capita compared with nearly 9,500 liters of oil
equivalents of fossil energy used per capita in the U.S. (Table 1) [55].
Woody biomass has the capacity to supply the U.S. with about 5 quads (1.5 x 1012 kWh thermal) of
its total gross energy supply by the year 2050, provided that the amount of forest land stays constant
[56]. A city of 100,000 people using the biomass from a sustainable forest (3 t/ha per year) for
electricity requires approximately 200,000 ha of forest area, based on an average electrical demand of
slightly more than 1 billion kWh (electrical energy [e]) (860 kcal = 1 kWh) [56].
Environmental impacts of burning biomass are less harmful than those associated with coal, but
more harmful than those associated with natural gas [36]. Biomass combustion releases more than 200
different chemical pollutants, including 14 carcinogens and 4 co-carcinogens, into the atmosphere
[57]. As a result of this, but especially in developing nations where people cook with fuelwood over
open fires, approximately 4 billion people suffer from continuous exposure to smoke [58]. In the U.S.,
wood smoke kills 30,000 people each year [59], although many of the pollutants from electric plants
that use wood and other biomass can be mitigated. These controls include the same scrubbers that are
frequently installed on coal-fired plants.
6.1 Regional Benefits of Thermal Energy from Biofuels
Direct combustion is the most efficient use of wood biomass. Space heating in the U.S. is a major
component of both residential and commercial buildings. In total, the amount of energy used in these
sectors totals about 16 quads per year [27]. Currently, only an estimated 1% of U.S. homes are heated
with wood biomass [60]. If 10% of the forest biomass in the Midwest, Northeast, and Southeast (that
totals an estimated 100 million hectares) plus 10% of the grass biomass (that totals an estimated 26
million hectares) were harvested, this thermal energy would be a major asset to the nation [20]. The
estimated sustainable forest and grass biomass produced per hectare per year is about 2 t/ha/yr without
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any fertilizer or other inputs (Table 3) [42]. Assuming half of the energy harvested from these biomass
areas is utilized for harvesting, transport, and processing, about 0.032 quads of thermal energy can be
utilized from the forest land, and 0.016 quads of thermal energy can be utilized from the grassland
area. This would total about 0.05% of total energy use in the U.S. (Table 2). Areas in the Northeast
that use wood for space heating, have become reforested as many farmlands were abandoned, and are
now major sources of wood biomass.
Increasing the use of wood biomass for heating homes will increase the number of illnesses, like
asthma and death [57]. Some communities, like Aspen, Colorado, already have banned the use of
wood fuels for heating, due to many adverse health effects [61].
7. World Forest Biomass
The total sustainable world biomass energy potential has been estimated to be about 92 quads (1015
BTU) per year [62], which represents 19% of total global energy use (Table 2). The total forest
biomass produced worldwide is 38 quads per year [62], which represents 8% of total energy use (Table
2). In the U.S., only 1% to 2% home heating is achieved with wood [63]. Of the 106 million U.S.
homes that heat their homes, 2.0 million use wood as the main heating fuel (3%) [64].
Global forest area removed each year totals 15 million ha [65]. Global forest biomass harvested is
just over 1,431 billion kg per year, of which 60% is industrial roundwood and 40% is fuelwood [66].
About 90% of the fuelwood is utilized in developing countries [62]. A significant portion (26%) of all
forest wood is converted into charcoal [67]. The production of charcoal causes a 30% to 50% loss of
energy [68], and produces large quantities of smoke. The resulting charcoal is cleaner burning and
causes less smoke than burning wood fuel directly in the home [67]. Charcoal is dirty to handle but
light in weight.
In developing countries, about 2 kcal of wood are utilized in cooking 1 kcal of food [69]. Thus,
more biomass and more land and water are needed to produce the biofuel for cooking than the
resources needed to produce the food.
In the U.S., about 30% of the land area is forested and produces 239 billion kg of wood biomass
per year [20]. The total forest products harvested per year per person in the U.S. is 914 kg, but only 71
kg is used for firewood [70]. The rest is used for the production of lumber and pulp for paper
production.
The average yield of forest biomass in U.S. timberland is 1.93 dry metric tons/ha/yr [42]. Under
sustainable, moist, forest conditions in both temperate and tropical ecosystems, approximately 3 dry
metric tons (t/ha) per year of woody biomass can be harvested sustainably [50,71-73].
8. Cropland and Pasture Biomass
Of the total world land area in cropland, pasture, and forest, about 38% is cropland and pasture and
about 30% is forests [23]. Devoting a portion of this cropland and forest land to biofuels will stress
both managed ecosystems and will not be sufficient to solve the fuel problem [1].
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8.1 Corn Ethanol and Energy Inputs
In the United States, ethanol constitutes 99% of all biofuels [74]. The average, energy and monetary
costs, for a large modern ethanol plant are enormous, about $65 million. For capital expenditures, new
plant construction costs from $1.05 to $3.00 per gallon of ethanol [75]. Fermenting and distilling corn
ethanol requires large amounts of water. The corn is finely ground and approximately 15 liters of water
are added per 2.69 kg of ground corn. After fermentation, to obtain a liter of 95% pure ethanol from
the 10% ethanol and 90% water mixture, 1 liter of ethanol must be extracted from the approximately
10 liters of the ethanol/water mixture. To be mixed with gasoline, the 95% ethanol must be further
processed and more water must be removed, requiring additional fossil energy inputs to achieve 99.5%
pure ethanol (Tables 4 and 5). Thus, a total of about 12 liters of wastewater must be removed per liter
of ethanol produced, and this relatively large amount of sewage effluent has to be disposed of at an
energy, economic, and environmental cost.
Table 4. Energy inputs and costs of corn production per hectare in the United States.
Inputs
Labor
Machinery
Diesel
Nitrogen
Phosphorus
Potassium
Lime
Seeds
Irrigation
Herbicides
Insecticides
Electricity
Transport
TOTAL
Corn yield

Quantity
11.4 hrsa
55 kgd
88 Lg
155 kgk
79 kgn
84 kgq
1,120 kgt
21 kgv
8.1 cmy
6.2 kgbb
2.8 kgcc
13.2 Whdd
204 kggg
9,400 kg/haii

kcal x 1000
Costs $
b
426
300.00c
1,018e
310.00f
h
1,003
500.00
2,480l
255.00m
328o
150.00p
274r
78.00s
u
315
60.00
w
520
230.00x
320z
350.00aa
ee
620
372.00
280ee
180.00
ff
34
27.00
169hh
180.00
8,228
$2,992.00
33,840 kcal input:output 1:4.11

a) NASS, 2003 [76].
b) It is assumed that a person works 2,000 hrs per year and utilizes an average of 8,000 liters of
oil equivalents per year.
c) It is assumed that labor is paid $26.32 an hour.
d) Pimentel and Pimentel, 2008 [4].
e) Prorated per hectare and 10 year life of the machinery. Tractors weigh from 6 to 7 tons and
harvesters 8 to 10 tons, plus plows, sprayers, and other equipment.
f) Estimated.
g) Estimated.
h) Input 11, 400 kcal per liter.
i) Estimated
j) Input 10,125 kcal per liter.

Energies 2008, 1

50

k) NASS, 2003 [76].
l) Patzek, 2004 [77].
m) Cost $1.65 per kg.
n) NASS, 2003 [76].
o) Input 4,154 kcal per kg.
p) Cost $1.90 per kg.
q) NASS, 2003 [76].
r) Input 3,260 kcal per kg.
s) Cost $0.93 per kg.
t) Brees, 2004 [78]
u) Input 281 kcal per kg.
v) Pimentel and Pimentel, 2008 [4].
w) Pimentel and Pimentel, 2008 [4].
x) USDA, 1997 [79].
y) USDA, 1997 [80].
z) Batty and Keller, 1980 [81].
aa) Irrigation for 100 cm of water per hectare costs $1,000 (Larsen et al., 2002) [82].
bb) Larson and Cardwell, 1999 [83].
cc) USDA, 2002 [84].
dd) USDA, 1991 [85].
ee) Input 100,000 kcal per kg of herbicide and insecticide.
ff) Input 860 kcal per kWh and requires 3 kWh thermal energy to produce 1 kWh electricity.
gg) Goods transported include machinery, fuels, and seeds that were shipped an estimated 1,000
km.
hh) Input 0.83 kcal per kg per km transported.
ii) Average. [20,47].
Table 5. Inputs per 1000 liters of 99.5% ethanol produced from corn.a
Inputs
Corn grain
Corn transport
Water
Stainless steel
Steel
Cement
Steam
Electricity
95% ethanol to 99.5%
Sewage effluent
Distribution
TOTAL

Quantity
2,690 kgb
2,690 kgb
15,000Le
3 kgi
4 kgi
8 kgi
2,646,000 kcalj
392 kWhj
9 kcal/Lm
20kg BODn
331 kcal/Lq

Kcal x 1000
2,355b
322c
90f
165p
92p
384p
2,646j
1,011j
9m
69h
331
7,474

Dollar $
856.22
21.40d
21.16g
10.60d
10.60d
10.60d
21.16k
27.44l
40.00
6.00
20.00q
$1,045.18

a) Output: 1 liter of ethanol = 5,130 kcal (Low heating value). The mean yield of 2.5 gal pure
EtOH per bushel has been obtained from the industry-reported ethanol sales minus ethanol
imports from Brazil, both multiplied by 0.95 to account for 5% by volume of the #14 gasoline
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d)
e)
f)
g)
h)
i)

j)

k)
l)
m)
n)
p)
q)
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denaturant, and the result was divided by the industry-reported bushels of corn inputs to ethanol
plants [86].
Data from table 4.
Calculated for 144 km roundtrip.
Pimentel, 2003 [87].
15 liters of water mixed with each kg of grain.
Pimentel et al., 2004 [31].
Pimentel et al., 2004 [31].
4 kWh of energy required to process 1 kg of BOD [88].
Estimated from the industry reported costs of $85 millions per 65 million gallons/yr dry grain
plant amortized over 30 years. The total amortized cost is $43.6/1000L EtOH, of which an
estimated $32 go to steel and cement.
Illinois Corn, 2004 [89]. The current estimate is below the average of 40,000 Btu/gal of
denatured ethanol paid to the Public Utilities Commission in South Dakota by ethanol plants in
2005.
Calculated based on coal fuel. Below the 1.95 kWh/gal of denatured EtOH in South Dakota,
see j).
$.07 per kWh [47].
95% ethanol converted to 99.5% ethanol for addition to gasoline (T. Patzek, personal
communication, University of California, Berkeley, 2004).
20 kg of BOD per 1000 liters of ethanol produced [90].
Newton, 2001 [91].
DOE, 2002 [92].

Manufacture of a liter of 99.5% ethanol uses 46% more fossil energy than it produces and costs
$1.05 per liter ($3.97 per gallon) (Table 5). The corn feedstock alone requires more than 33% of the
total energy input.
The largest energy inputs in corn-ethanol production are for producing the corn feedstock plus the
steam energy and electricity used in the fermentation/distillation process. The total energy input to
produce a liter of ethanol is 7,474 kcal (Table 5). However, a liter of ethanol has an energy value of
only 5,130 kcal. Based on a net energy loss of 2,344 kcal of ethanol produced, 46% more fossil energy
is expended than is produced as ethanol. The total cost, including the energy inputs for the
fermentation/distillation process and the apportioned energy costs of the stainless steel tanks and other
industrial materials, is $1,045 per 1000 liters of ethanol produced (Table 5).
The subsidies for corn ethanol total more than $6 billion per year (Koplow, 2006). This means that
the subsidies per liter of ethanol are 60 times greater than the subsidies per liter of gasoline. The actual
crux of state behavior regarding ethanol rests on federal subsidies. A calculation of the environmental
effects resulting from subsidizing ethanol production is difficult and the subsidy process itself is
complex and fluid. The basic methodology of such calculations, however, should be to first identify:
a) the amount and type of ethanol that would be produced in the U.S. in the absence of subsidies
and tariffs
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b) the amount and type of ethanol that would be consumed in the U.S. in the absence of subsidies
and tariffs
c) the composition of energy that would most likely fill this void
d) the environmental costs and benefits of the current ethanol used in comparison to the
environmental costs and benefits of the most likely alternative energy scenario.
These calculations assume that the behavior of Americans and their overall energy is an inelastic
quantity, i.e. that energy consumption will neither increase nor decrease as a function of energy source.
This assumption likely amounts to a conservative estimate of ethanol’s environmental impact, as long
as consumption behavior can be expected to constrict in the instance of a domestic shortage of energy,
in other words, when a greater percentage of our energy comes from oil. The calculations also assume
that Americans will follow an ideal-rational behavior model and, if given the option between
purchasing ethanol and gasoline, will generally opt for whichever is cheaper. While there could be a
non-economic, normative value to ethanol, this would be nearly impossible to calculate, and could just
as easily exist as a normative value against ethanol.
In 2006, nearly 19 billion liters of ethanol were produced on 20% of U.S. corn acreage [27]. These
19 billion liters represents only 1% of total U.S. petroleum use.
However, even if we completely ignore corn ethanol’s negative energy balance and high economic
cost, we still find that it is absolutely not feasible to use ethanol as a replacement for U.S. oil
consumption. If all 341 billion kg of corn produced in the U.S. [20] were converted into ethanol at a
rate of 2.69 kg per liters of ethanol, then 129 billion liters of ethanol could be produced. This would
provide only 7% of total oil consumption in the U.S. Of course, in this situation there would be no corn
available for livestock or human consumption.
The environmental impacts of corn ethanol are enormous:
1) Corn production causes more soil erosion than any other crop grown [94].
2) Corn production uses more nitrogen fertilizer than any other crop grown and is the prime cause
of the dead zone in the Gulf of Mexico [94]. In 2006, approximately 4.7 million tons of
nitrogen was used in U.S. corn production [45]. In addition, about 1.7 million tons of
phosphorus was used in the U.S. for corn production in 2006.
3) Corn production uses more insecticides than any other crop grown [95]. (Total: 7,530 kg used
in corn in 2005 [96], or about 0.45 kg/ha.)
4) Corn production uses more herbicides than any other crop grown [77]. (Total: 186, 876 kg
applied in 2005 [96], or 6.4 kg/ha.)
5) More than 1,700 gallons of water are required to produce 1 gallon of corn ethanol [97].
6) Enormous quantities of carbon dioxide are produced during corn ethanol production by the
large quantity of fossil energy used in production, during fermentation, and when the soil is
tilled, leaving soil organic matter exposed and oxidized. In addition, the conversion of cropland
for biofuel production contributes to the release of greenhouse gases [98]. All this speeds
global warming [99].
7) Related to the total operation, including the burning of the ethanol, the air pollution problem is
significant [97, 100-102]. Burning ethanol emits pollutants into air such as peroxyacetyl nitrate
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(PAN), acetaldhyde, alkylates, and nitrous oxide. These can have significant human health
effects, as well as impacts on other organisms and ecosystems [103].
8.2 Grass and Cellulosic Ethanol
Tilman et al. (2006) [104] suggest that all 235 million hectares of grassland, plus crop residues, can
be converted into cellulosic ethanol. This is a suggestion that causes concern among scientists. Tilman
et al. suggest that crop residues, like corn stover, can be harvested and utilized as a fuel source, but this
would be a disaster for the agricultural ecosystem because crop residues are vital for protecting topsoil.
Leaving the soil unprotected would intensify soil erosion by 10-fold or more [105], and may increase
soil loss as much as 100-fold [106]. Furthermore, even a partial removal of the stover can result in
increased CO2 emissions and intensify acidification and eutrophication due to increased runoff
[107,108]. Already, the U.S. crop system is losing soil 10 times faster than the sustainable rate [94].
Soil formation rates, at less than 1 t/ha/yr, are extremely slow [94,109]. Increased soil erosion caused
by the removal of crop residues for use as biofuels will facilitate the soil-carbon oxidation and
contribute to the greenhouse problem [110].
Tilman et al. [104] assume about 1,032 liters of ethanol can be produced through the conversion of
the 4 t/ha/yr of grasses harvested. However, Pimentel and Patzek (2008) [97] report a negative 68%
return in ethanol produced compared with the fossil energy inputs in switchgrass conversion (Tables 6
and 7). The cost of producing a liter of ethanol using switchgrass was 93¢ (Table 7). The two major
energy inputs for switchgrass conversion into ethanol were steam and electricity production (Table 7).
Table 6. Average inputs and energy inputs per hectare per year for switchgrass production.
Input
Labor
Machinery
Diesel
Nitrogen
Seeds
Herbicides
TOTAL

Quantity
103 kcal
a
5 hr
200b
30 kgd
555
e
150 L
1,500
80 kge
1,280
1.6 kgf
100a
3 kgg
300h
i
10,000 kg yield
3,935
40 million kcal yield input/output ratio 1:02k

Dollars
$65c
50a
75
45e
3f
30a
$ 268j

a) Estimated.
b) Average person works 2,000 hours per year and uses about 8,000 liters of oil equivalents.
Prorated this works out to be 200,000 kcal.
c) The agricultural labor is paid $13 per hour.
d) The machinery estimate also includes 25% more for repairs.
e) Calculated based on data from Brummer et al., 2000 [111].
f) Data from Samson, 1991 [112].
g) Calculated based on data from Henning, 1993 [113].
h) 100,000 kcal per kg of herbicide.
i) Samson et al., 2000 [114].
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j) Brummer et al. 2000 [111] estimated a cost of about $400/ha for switchgrass production. Thus,
the $268 total cost is about 49% lower than what Brummer et al. estimates and this includes
several inputs not included in Brummer et al.
k) Samson et al. (2000) [114] estimated an input per output return of 1:14.9, but we have added
several inputs not included in Samson et al. Still the input/output return of 1:11 would be
excellent if the sustained yield of 10 t/ha/yr were possible.
Table 7. Inputs per 1000 liters of 99.5% ethanol produced from U.S. switchgrass.a
Inputs
Switchgrass
S. Grass transport
Water
Stainless steel
Steel
Cement
Grind switchgrass
Sulfuric acid
Steam
Lignin
Electricity
95% ethanol to 99.5%
Sewage effluent
Distribution
TOTAL

Quantity
b

5,000 kg
5,000 kgb
250,000Le
3 kgg
4 kgg
8 kgg
5,000 kg
240 kgi
8.1 tonsi
1,250 kgj
666 kWhi
9 kcal/Lk
40 kg BODl
331 kcal/Lp

kcal x 1000

Dollars $

c

500
30d
40m
11g
11g
11g
16h
168n
36
minus 12
46
40
12
20
$929

1,968
600c
140f
165g
92g
384g
200h
0
4,404
minus 1,500
1,703
9
138o
331
8,634

a) Output: 1 liter of ethanol = 5,130 kcal. The ethanol yield here is 200 L/t dry biomass (dbm).
Iogen suggests 320 L/t dbm of straw that contains 25% of lignin. This yield is equal to the
average yield of ethanol from corn, 317 L/t dbm (2.5 gal/bu). In view of the difficulties with
breaking up cellulose fibers and digesting them quickly enough, the Iogen yield seems to be
exaggerated, unless significantly more grinding, cell exploding with steam, and hot sulfuric
acid are used.
b) Data from table 6.
c) Calculated for 144 km roundtrip.
d) Pimentel, 2003 [87].
e) 15 liters of water mixed with each kg of biomass.
f) Pimentel et al., 2004 [31].
g) Newton, 2001 [91].
h) Calculated based on grinder information [115].
i) Estimated based on cellulose conversion [116].
j) Wood is about 25% lignin and removing most of the water from the lignin by filtering, the
moisture level can be reduced to 200% [117].
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k) 95% ethanol converted to 99.5% ethanol for addition to gasoline (T. Patzek, personal
communication, University of California, Berkeley, 2004).
l) 20 kg of BOD per 1000 liters of ethanol produced [90].
m) Pimentel, 2003 [87].
n) Sulfuric acid sells for $7 per kg.
o) 4 kWh of energy required to process 1 kg of BOD (Blais et al., 1995) [88].
p) DOE, 2002 [92].
Converting all 235 million ha of U.S. grassland into ethanol at the optimistic rate by Tilman et al.
would provide only 12% of annual consumption of U.S. oil [20,27]. Sound data, however, confirm that
the output in ethanol would require 1.5 liters of oil equivalents to produce 1 liter of ethanol (Tables 6
and 7). In addition, to achieve the production of this much ethanol, we would have to displace the 100
million cattle, 7 million sheep, and 4 million horses that are now grazing on 324 million ha of U.S.
grassland and rangeland [20]. Already, overgrazing is a serious problem on U.S. grassland and a
similar problem exists worldwide [118]. Thus, the assessment of the quantity of ethanol that can be
produced on U.S. and world grasslands by Tilman et al. (2006) [104] appears to be unduly optimistic.
Several problems exist the conversion of cellulosic biomass into ethanol. First, it takes from 2 to 5
times more cellulosic biomass to achieve the same quantity of starches and sugars as are found in the
same quantity of corn grain. Thus, 2 to 5 times more cellulosic material must be produced and handled
compared with corn grain. In addition, the starches and sugars are tightly held in lignin in the
cellulosic biomass. The starches and sugars can be released using a strong acid to dissolve the lignin.
Once the lignin is dissolved the acid action is stopped with an alkali. Now the solution of lignin,
starches, and sugars can be fermented.
Some claim that the lignin can be used as a fuel. Clearly, this would not be when dissolved in water.
The lignin in the water mixture can be extracted using various energy intensive technologies. Usually
less than 25% of the lignin can be extracted from the water mixture [97].
8.3 Methanol
Methanol can be produced from a gasifier-pyrolysis reactor using biomass as a feedstock [119,120].
The yield from 1 ton of dry wood is about 370 liters of methanol [121,122]. For a plant with
economies of scale to operate efficiently, more than 1.5 million ha of sustainable forest would be
required to supply this woody biomass annually [36]. However, biomass is not available in such
enormous quantities, even from extensive forests, at acceptable prices for methanol to compete as a
viable energy source. Most methanol today is produced from natural gas, not biomass [123]. About
10,402 kcal are required to produce 1 liter of methanol that contains 7,430 kcal.
8.4 Soybean Biodiesel
Processed vegetable oils from soybean, sunflower, rapeseed, oil palm, and other oil plants can be
used as fuel in diesel engines. Unfortunately, producing vegetable oils for use in diesel engines is
costly in terms of economics and energy (Tables 8 and 9) [97,124]. A slight net return on energy from
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soybean oil is possible only if the soybeans are grown without commercial nitrogen fertilizer. The
soybean, since it is a legume, will under favorable conditions produce its own nitrogen. Soy, however,
has a 63% net fossil energy loss (Table 9).
Table 8. Energy inputs and costs in soybean production per hectare in the U.S.
Inputs
Labor
Machinery
Diesel
Gasoline
LP gas
Nitrogen
Phosphorus
Potassium
Limestone
Seeds
Herbicides
Electricity
Transport
TOTAL
Soybean yield

Quantity
a

7.1 hrs
20 kgd
38.8 La
35.7 La
3.3 La
3.7 kgj
37.8 kgj
14.8 kgj
2000 kgv
69.3 kga
1.3 kgj
10 kWhd
154 kgt
2,890 kg/haw

kcal x 1000

Costs $

b

284
112.00c
360e
181.00f
442g
25.00
h
270
16.00
i
25
1..00
k
59
28.00l
156m
29.00n
48o
6.00p
562d
56.00v
554q
59.00r
130e
32.00
s
29
1.00
u
40
56.00
2,959
$602.00
10,404 kcal input:output 1:3.52

a) Ali and McBride, 1990 [125].
b) It is assumed that a person works 2,000 hrs per year and utilizes an average of 8,000 liters of
oil equivalents per year.
c) It is assumed that labor is paid $13 an hour.
d) Pimentel and Pimentel, 2008 [4].
e) Machinery is prorated per hectare and a 10 year life of the machinery. Tractors weigh from 6
to 7 t and harvesters from 8 to 10 tons, plus plows, sprayers, and other equipment.
f) College of Agri., Consumer & Environ. Sciences, 1997 [126].
g) Input 11,400 kcal per liter.
h) Input 10,125 kcal per liter.
i) Input 7,575 kcal per liter.
j) Economic Research Statistics, 1997 [127].
k) Patzek, 2004 [77].
l) Hinman et al., 1992 [128].
m) Input 4,154 kcal per kg.
n) Cost 77¢ per kg.
o) Input 3,260 kcal per kg.
p) Costs 41¢ per kg.
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q)
r)
s)
t)

Pimentel et al., 2002 [129].
Costs about 85¢ 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.
u) Input 0.83 kcal per kg per km transported.
v) Mississippi State University Extension Service, 1999 [130].
w) USDA, 2004 [131].
Table 9. Inputs per 1,000 kg of biodiesel oil from soybeans.
Inputs
Soybeans
Electricity
Steam
Cleanup water
Space heat
Direct heat
Losses
Stainless steel
Steel
Cement
TOTAL

Quantity
a

5,556 kg
270 kWhb
1,350,000 kcalb
160,000 kcalb
152,000 kcalb
440,000 kcalb
300,000 kcalb
11 kgf
21 kgf
56 kgf

kcal x 1000
a

5,689
697c
1,350b
160b
152b
440b
300b
605g
483g
2,688g
12,564

Costs $
1,157.00a
18.90d
11.06e
1.31e
1.24e
3.61e
2.46e
18.72h
18.72 h
18.72 h
$1,251.74

The 1,000 kg of biodiesel produced has an energy value of 9 million kcal. In addition, 200 ml (2,080
kcal) of methanol must be added to the soy oil for transesterification. With an energy input
requirement of 14.7 million kcal, there is a net loss of energy of 63%. If a credit of 7.4 million kcal is
given for the soy meal produced, then the net loss is less.
The cost per kg of biodiesel is $1.25.
a)
b)
c)
d)
e)
f)
g)
h)

Data from table 8.
Data from Singh, 1986 [132].
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.
Calculated from Newton, 2001 [91].
Calculated.

The U.S. provides $500 million in subsidies for biodiesel for the production of 850 million liters of
biodiesel [93], which is 74 times greater than the subsidies per liter of diesel fuel. As mentioned, the
subsidies per liter of ethanol are 60 times greater than the subsidies per liter of gasoline.
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The environmental impacts of producing soybean biodiesel are second only to that of corn ethanol:
1) Soybean production causes significant soil erosion, is second only to corn production [94].
2) Soybean production uses large quantities of herbicides and is second only to corn production
[133]. These herbicides cause major pollution problems with natural biota in the soybean
production areas [5,134].
Another important consideration in the use of soybeans as a potential biofuel source is cropland
competition with food production. The USDA (2005) [96] reports a soybean yield worldwide of 2.2
tons per hectare. With an average oil extraction efficiency of 18% [135,136], the average oil yield per
year would be approximately 0.4 tons per hectare. This converts into 454 liters of oil per hectare.
Based on current U.S. diesel consumption of 227 billion liters/year [137], this would require more than
500 million hectares of land in soybeans or more than half the total U.S. planted just for soybeans! In
other words, all 71 billion tons of soybeans produced in the U.S. [20] could only supply 2.6% of total
U.S. oil consumption.
8.5 Rapeseed and Canola Biodiesel
The European Biodiesel Board estimates a total biodiesel production of 4.89 million tons for the
year 2006 [138]. Well suited to colder climates, rapeseed is the dominant crop used in European
biodiesel production. Often confused with canola, rapeseed is an inedible crop of the Brassica family,
yielding oil seeds high in erucic acid. Canola is in the same family, but is a hybrid created to lower
saturated fat content and erucic acid content for human consumption in cooking oil and margarine
[137].
Frondel and Peters (2007) [139] describe rapeseed-based biodiesel yields in Europe averaging 1390
liters per hectare in 2005. Using the density of biodiesel defined as 0.88 kg/l [139], it can be estimated
that the average annual production of rapeseed biodiesel in Europe is 1.1 million tons total. Because of
its high oil content (30%), rapeseed is preferred as a biodiesel feedstock source [137]. While Europe
currently dominates the rapeseed production in the world, as the market for high-yield oilseed
feedstock for biodiesel grows, interest in canola and rapeseed oil is likely to increase in many northern
states [137].
Rapeseed and canola require the application of fertilizers and pesticides in production. This disturbs
the acid-base equilibrium of the soil and also can lead to algal blooms, as well as cause toxic pollution.
Additionally, the energy required to make these pesticides and fertilizers detracts from the overall net
energy produced [139]. Although soybeans contain less oil than canola, about 18% soy oil compared
with 30% oil for rapeseed/canola, soybeans can be produced with nearly zero nitrogen inputs (Table
9). This makes soybeans more advantageous for the production of biodiesel, as nitrogen fertilizer is
one of the most energy costly inputs in crop production [140].
The biomass yield of rapeseed/canola per hectare is also lower than that of soybeans - about 1,600
kg/ha for canola compared with 2,890 kg/ha for soybeans (Tables 10 and 11) [131]. The production of
1,568 kg/ha rapeseed/canola requires an input of about 4.4 million kcal per hectare and costs about
$573/ha (Table 10). About 3,333 kg of rapeseed/canola oil are required to produce 1,000 kg of
biodiesel (Table 10). Therefore, all 333 million tons of rapeseed/canola produced in the U.S. in 2006
[141] could be used to make 100 million liters of biodiesel, or 0.005% of the total oil used in the U.S.
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The total energy input to produce the 1,000 liters of rapeseed/canola oil is 14 million kcal. This
suggests a net loss of 58% of energy inputs (Table 11). The cost per kg of biodiesel is also high, at
$1.63. The subsidies for biodiesel are $500 million for the production of 850 million liters of biodiesel
[93]. Thus, the subsidies per liter of biodiesel are 74 times greater than the subsidies per liter of diesel
fuel.
Table 10. Energy inputs and costs in canola production per hectare in the North America.
Inputs
Labor
Machinery
Diesel
Nitrogen
Phosphorus
Potassium
Sulfur
Limestone
Seeds
Herbicides
Insecticides
Electricity
Transport
TOTAL
Canola yield

Quantity
a

7 hrs
20 kgd
65 La
120 kga
101 kga
14.8 kgl
22 kga
1000 kga
5 kgo
1.5 kgq
1 kgq
10 kWha
100 kgs
1,568 kg/hau

kcal x 1000

Costs $

b

280
91.00c
360e
148.00f
740g
35.00
h
1,920
75.00i
417j
71.00k
48m
4.59n
10l
10.00
d
281
23.00
p
40
35.00
p
150
30.00
100
20.00
r
29
0.70
t
26
30.00
4,401
$573.29
5,645 kcal input:output 1:1.06

a) Smathers, 2005 [142].
b) It is assumed that a person works 2,000 hrs per year and utilizes an average of 8,000 liters of
oil equivalents per year.
c) It is assumed that labor is paid $13 an hour.
d) Pimentel and Pimentel, 1996 [143].
e) Machinery is prorated per hectare with a 10 year life of the machinery. Tractors weigh from 6
to 7 t and harvesters from 8 to 10 tons, plus plows, sprayers, and other equipment.
f) College of Agri., Consumer & Environ. Sciences, 1997 [126].
g) Input 11,400 kcal per liter.
h) Patzek, 2004 [77].
i) Hinman et al., 1992 [128].
j) Input 4,154 kcal per kg.
k) Cost 70¢ per kg.
l) Pimentel and Pimentel, 2007 [9].
m) Input 3,260 kcal per kg.
n) Costs 31¢ per kg.
o) Molenhuis, 2004 [144].
p) Pimentel et al., 2002 [129].
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q) Estimated.
r) Input 860 kcal per kWh and requires 3 kWh thermal energy to produce 1 kWh electricity.
s) Goods transported include machinery, fuels, and seeds that were shipped an estimated 1,000
km.
t) Input 0.83 kcal per kg per km transported.
u) USDA, 2004 [131].
Table 11. Inputs per 1,000 kg of biodiesel oil from canola.
Inputs

Quantity
a

kcal x 1000

Costs $

Canola
3,333 kg
9,355
$1,419.00a
Electricity
270 kWhb
697c
18.90d
Methanol
120Li
1,248i
111.60
b
b
Steam
1,350,000 kcal
1,350
11.06e
Cleanup water
160,000 kcalb
160b
1.31e
Space heat
152,000 kcalb
152b
1.24e
Direct heat
440,000 kcalb
440b
3.61e
Losses
300,000 kcalb
300b
2.46e
Stainless steel
11 kgf
158g
18.72h
Steel
21 kgf
246g
18.72 h
106g
18.72 h
Cement
56 kgf
TOTAL
14,212
$1,625.34
The 1,000 kg of biodiesel produced has an energy value of 9 million kcal. The methanol input is
a required addition to the canola oil for transesterification. With a total energy input requirement
of 14.2 million kcal, there is a net loss of energy of 58%. If a credit of 4.6 million kcal is given
for the canola meal produced, then the net loss is less.
The cost per kg of biodiesel is $1.63.
a)
b)
c)
d)
e)
f)
g)
h)
i)

a

Data from Table 10.
Data from Singh, 1986 [132].
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.
Calculated from Newton, 2001 [91].
Calculated.
Hekkert et al., 2005 [123].

8.6 Oil Palm
There is a major effort to plant and harvest oil palms for biofuels in some tropical developing
countries, especially Indonesia, Malaysia, Thailand, Colombia, and some in West Africa [145]. In the
last 20 years, the production of vegetable oil has more than doubled.

Energies 2008, 1

61

Palm oil makes up 30%, over 35% when including palm kernel oil, of biological oils and fats
produced worldwide [146]. Global oil palm production for the U.S. Department of Agricultures’ 20072008 growing season totaled more than 45.3 million tons; of which about 4.7 million metric tons was
palm kernel oil [146]. Indonesia and Malaysia are the world’s leading producers. Together these
countries total over 84% of global palm oil production [147]. Relative to the world total agricultural
oil, over 84% is palm oil production [147]. Relative to world total agricultural oil export, both
Indonesia and Malaysia lead country exports with 15% and 14% respectively, the dominant majority
of which is palm oil [146].
The oil palm once established (after 4 years) will produce about 4,000 kg of oil per hectare per year
[148]. The energy inputs for maintaining the hectare of oil palm are indicated in Table 12. The data
suggest that about 7.4 million kcal are required to produce 26,000 kg of palm oil bunches. This 26,000
kg is a sufficient quantity of palm nuts to produce 4,000 kg of palm oil. A total of 6.9 million kcal are
required to process 6,500 kg of palm nuts to produce 1 ton of palm oil (Table 13). Thus, the net return
on fossil energy invested in production and processing totals 30%, which is clearly a better return than
corn ethanol and soybean biodiesel. However, an estimated 200 ml (2,080 kcal) of methanol is a
required addition to the 1,000 kg of palm oil, for transesterification. This results in a negative 8% net
energy output for palm oil (Table 13).
Table 12. Energy inputs for palm oil production in Thailand and Indonesia.
Inputs
Labor
Machinery
Diesel
Nitrogen
Phosphorus
Potassium
Magnesium
Irrigation
Herbicides
Insecticides
Transport
Total
Palm Oil Bunches 26,000 kgd
a)
b)
c)
d)
e)
f)
g)

Estimated.
BP World Energy, 2005 [29].
Estimated.
Pleanjai et al., 2004 [149].
11,430 kcal
16,000 kcal/kg
4,154 kcal/kg

Quantity
1,000 hrs
55 kgc
130 Ld
150 kgd
81 kgd
206 kgd
56 kgd
8 cmd
4.0 kgd
1.0 kgd
200 kga

a

kcal x 1000
700b
1,018c
1,430e
2,400f
336g
672h
400a
320a
400i
100j
166k
7,445
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3,260 kcal/kg
100,000 kcal/kg
100,000 kcal/kg
Calculated.
Table 13. Inputs per 6.5 tons of palm nuts that produces 1 ton of palm oil [149].
Inputs
Palm nuts
Palm nuts transport
Water
Stainless steel
Steel
Cement
Steam
Electricity
Sewage effluent
Total
Energy content of 1 ton of palm oil

a)
b)
c)
d)
e)
f)
g)
h)
i)

Quantity
a

6,500 kg
6,500 kgb
30,000 Ld
3 kgf
4 kgf
8 kgf
3,000,000 kcald
380 kWhd
9 kg BODg

kcal x 1000
1,861a
332c
68e
165e
92e
384e
3,000d
980d
31h
6,913i
8,300

Data from table 12.
Factory located 144 km away.
Calculated.
Plaenjai et al., 2004 [149].
Estimated.
From Pimentel and Patzek, (2007) [38].
Plaenjai et al., 2004 [149].
4 kWh of energy required to process 1 kg of BOD.
An estimated 200 ml (2,080 kcal) was added to the 1,000 kg of palm oil for transesterification.
This results in a negative 8% net energy output for palm oil.

There are several environmental and social issues associated with oil palm plantations. In major
palm oil producing countries the creation of new plantations represents the greatest loss of natural
forests and mixed agro-forestry systems [150]. Additionally, the removal of tropical rainforests to
plant the oil palm results in an increase in CO2. The amount of CO2 released increases tremendously
when burning is used to clear forest [145]. Furthermore, the removal of natural and mixed agroforestry systems and the planting of oil palms reduces the biodiversity of the local ecosystem; species
composition of vertebrate taxa changed up to 60% in some instances [150]. The degree of loss is
compounded with larger plantation sizes; individual monoculture oil palm plantations can reach sizes
up to 20,000 ha [150]. Moreover, pollution in processing oil palm is quite substantial. Mill waste
entering water bodies is equivalent to that generated by an estimated 1.5 million people [150]. Finally,
the increased use of oil palm for fuel reduces the availability of the oil and increases the price for
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human use [145]. Oil Palm production has a better net fossil energy return than many competing
biofuel crops. However, production is accompanied by various social, health, and environmental
consequences.
8.7 Jatropha
Jatropha is receiving a great deal of attention now as new source of biodiesel. The shrub, endemic
to Mexico [151], produces seeds that are 30% oil, which is excellent for biofuel use. The shrub will
grow in heavy rainfall regions as well as in arid regions. In arid regions, the yield is reduced to only
0.5 tons/ha per year [152]. A potential benefit of Jatropha is that it cannot be used for a food crop. This
allows the plant to be grown only for fuel. The most serious drawback to the shrub as a biofuel is that
it is highly toxic to humans and livestock, plus it uses land and water resources that are critical for food
crop production [153]. Therefore, further research is necessary to evaluate the long-term safety of
producing, handling, and processing this feedstock.
9. Algae for Oil Production
Some cultures of algae consist of 30% to 50% oil [154]. Thus, there is growing interest using algae
to increase U.S. oil supply based on the theoretical claims that 47,000 to 308,000 liters/hectare/year
(5,000 to 33,000 gallons/acre) of oil could be produced using algae [155,156]. The calculated cost per
barrel would be $15 [157]. Currently, oil in the U.S. market is selling for over $100 per barrel. If the
production and price of oil produced from algae were true, U.S. annual oil needs could theoretically be
met if 100% of all U.S. land were in algal culture!
Despite all the algae-related research and claims dating back to 1970’s, none of the projected algae
and oil yields has been achieved [154]. To the contrary, one calculated estimate based on all the
included costs using algae would be $800 per barrel, not $15 per barrel, as mentioned. Algae, like all
plants, require large quantities of nitrogen fertilizer and water. In addition, significant fossil energy
inputs would be needed for the functioning production system [158].
One difficulty in culturing algae is that the algae shade one another’s cells. There are, therefore,
different levels of light saturation in the cultures, even under optimal conditions such as in Florida
[159]. These differences influence the rate of growth of the algae. In addition, wild strains of algae
sometimes invade and dominate the algae culture strains, causing a decrease in oil production by the
algae [159].
Another major problem with the culture of algae in ponds or tanks, is the harvesting of the algae.
Since algae consist mostly of water, harvesting algae from the cultural tanks and separating the oil
from the algae are difficult and energy intensive processes. This problem was observed at the
University of Florida (Gainesville) when algae were being cultured in managed ponds for the
production of nutrients for hogs. After two years, the unsuccessful algal-nutrient culture was
abandoned.
The best algal biomass yields under tropical conditions are about 50 t/ha/yr [159]. However, the
highest yield of alga biomass produced per hectare, based on theoretical calculation, is 681 tons/ha/yr
[156]. For comparison, the total yield for rice (including rice and straw) grown in the tropics is nearly
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50 t/ha/yr of continuous culture [160]. Rice production in the tropics can produce 3 crops on the same
hectare of land per year requiring about 400 kg/ha of nitrogen fertilizer and 240 million liters of water
[160]. Obviously, a great deal of laboratory and field research is needed for the algae and oil
theoretical system.
10. Impacts of Culturing Crops and Grasses for Biofuels
Managing crops and grasses for biofuels results in many and varied environmental impacts to the
land, water, and biodiversity. Some impacts of biofuel crop production on soil erosion and air pollution
are discussed below.
10.1 Soil Erosion Associated with Biofuels
Soil erosion and land degradation are of particular concern to agriculturalists and foresters because
of increasing biofuel production. Serious soil erosion is taking place in U.S. agricultural systems, with
an estimated soil loss that is 11 times faster than a sustainable rate [161]. The prime cause of high
erosion rates in the U.S. is due to the depletion of biomass cover that protects the soil from rainfall and
wind energy. In particular, row crops such as corn and soybeans are particularly susceptible to erosion
[5]. Tilling the soil for planting of row crops leaves the soil unprotected from wind and rainfall. After
harvesting, soybeans have little crop residue which covers only 20% of the cropland. Corn stover
covers about 60% of the land after harvest [162].
The intensive application of nitrogen fertilizers in corn production was perceived to sequester soil
organic carbon in the soil. However, after a 40 to 50 year application of synthetic nitrogen fertilizer in
Illinois, a net decline occurred in soil carbon despite the massive residue incorporation into the soil
[163].
Some investigators, like Tilman et al. (2006) [104] and Perlack et al. (2005) [164], suggest that crop
residues can be harvested for biofuel production. If this is done, soil erosion, with the removal of crop
residues, will increase from 10-fold to 100-fold [165]. Removing crop residues would therefore
devastate U.S. agriculture.
Close grown crops, like wheat with an average yield of 7 t/ha/yr, protect the soil from erosion with
an erosion rate of about 5 t/ha/yr. This is better than the soil erosion rate of row crops, like corn, with
an average soil erosion rate of 15 t/ha/yr [109]. After germinating, spring wheat has an early, fast
growing development of a relatively dense stand of vegetation cover of 150 to 200 plants/m2 that is
capable of protecting the soil from rain and wind energy. Unfortunately, wheat is not a good biofuel
crop because of its low yield [20].
Some crops, such as grass, provide nearly complete cover of the soil once established. These crops
are usually grown as perennials and cover the soil all year for about 5-year periods. The soil erosion
rate from continuous grass is reported to lose soil at only 0.1 to 1 t/ha/yr [110]. Yet, grass and other
such crops are unfortunately not generally productive as biofuel crops.
Some biofuel crops, like sugarcane, have high soil erosion rates, which are reported to be about 148
t/ha/yr in Australia [166].
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No-till and ridge-till planting of corn and similar crops will reduce the soil erosion rates from 18
t/ha/yr to 2 t/ha/yr [167]. Herbicides and other pesticides are needed in no-till corn production, but
with ridge-till herbicides may not be necessary.
In addition, the water-holding capacity and nutrient levels of the soil decline when erosion occurs.
With conventional corn production, erosion reduced the volume of moisture in the soil about 50%
compared with organic corn production [168].
When conservation technologies, like organic agriculture, are employed, increased yields may
result because water, nutrients, and soil organic matter are retained. For example, in Pennsylvania,
yields of corn and soybeans were 33% to 50% higher in the organic systems when soil organic matter
increased in the organic systems over time even when drought conditions occurred [168].
In the U.S., annual estimates of soil loss were estimated to be 1 to 2 billion tons per year, and 10
years later the erosion rate had increased to 3 billion tons annually [169].
Undisturbed forests often have a dense cover over the soil consisting of leaves, twigs, and other
organic matter; these forest ecosystems have soil erosion rates that typically range from less than 0.1
t/ha/yr to 0.2 t/ha/yr [5]. The combination of organic mulch, tree cover, and tree roots makes most
natural forest soils, even on steep slopes of 70%, resistant to erosion and rapid water runoff. Forests
lose significant quantities of water, soil, and nutrients when cut and harvested [170]. In addition,
erosion rates increase. Therefore, the use of forests for producing biofuels will increase rates of soil
erosion. However, short-rotation woody-crops have been shown to improve groundwater quality and
soil-water runoff in comparison to row crops [171].
10.2 Air Pollution
Smoke produced when fuelwood and crop biomass are burned is a serious pollution hazard because
of the nitrogen, particulates, and other chemicals in the smoke. Although only 3% of U.S. heating
energy comes from wood, about 15% of the air pollutants in the U.S. are produced from the burning of
wood [172]. Emissions from burning wood and other biomass are a threat to public health because of
the highly respirable nature of the more than 200 chemicals that the emissions contain [173].
Of special concern are the relatively high concentrations of potentially carcinogenic poly cyclic
organic compounds (POMs, e.g. benzo{a}pyrene) and particulates. Sulfur and nitrogen oxides, carbon
monoxide, and aldehydes are also released, but usually in smaller quantities. According to Naeher et
al. (2007) [173], wood smoke contains an estimated 14 carcinogens and 4 co-carcinogens. Great
concern is expressed for the 4 billion people in developing countries who cook and heat with wood and
crop residues [6].
The burning of ethanol in automobiles also causes major pollution problems. Ethanol has only 66%
of the energy that gasoline has and, therefore, significantly more fuel has to be burned to travel the
same distance as gasoline [97]. In addition, ethanol produces more nitrous oxides and ozone than
gasoline as measured from the exhausts of automobiles [100,101]. These are serious air pollutants
affecting human health, and these pollutants and their impact on human health were recently
confirmed in new studies by Jacobson [102].
In addition, ethanol and other biofuels exacerbate the current global warming situation worse.
Nobel chemist Paul J. Crutzen [174] reported that biofuels made from corn and rapeseed release about
twice as many nitrous oxides as previously reported. The authors of the report from the University of
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Edinburg, conclude that growing biofuels is probably of no benefit and is actually making the climate
situation worse.
11. Conclusion
The rapidly growing world population and rising consumption of fossil fuels is increasing demand
for both food and biofuels. This will exaggerate both food and fuel shortages. Producing biofuels
requires huge amounts of both fossil energy and food resources, which will intensify conflicts among
these resources.
Using food crops such as corn grain to produce ethanol raises major nutritional and ethical
concerns. Nearly 60% of humans in the world are currently malnourished, so the need for grains and
other basic foods is critical [7]. Growing crops for fuel squanders land, water, and energy resources
vital for the production of food for people. Using corn for ethanol increases the price of U.S. beef,
chicken, pork, eggs, breads, cereals, and milk from 10% to 30% [175]. In addition, Jacques Diouf,
Director General of the U.N. Food and Agriculture Organization, reports that using food grains to
produce biofuels is already causing food shortages for the poor of the world [176,177]. Growing crops
for biofuel not only ignores the need to reduce natural resource consumption, but exacerbates the
problem of malnourishment worldwide by turning precious grain into biofuel.
Recent policy decisions have mandated increased production of biofuels in the United States and
worldwide. For instance, in the Energy Independence and Security Act of 2007, President Bush set “a
mandatory Renewable Fuel Standard (RFS) requiring fuel producers to use at least 36 billion gallons
of biofuel in 2022.” This would require 1.6 billion tons of biomass harvested per year and would
require harvesting 80% of all biomass in the U.S., including all agricultural crops, grasses, and forests
(Table 3). With nearly total biomass harvested, biodiversity and food supplies in the U.S. would be
decimated!
The release of large quantities of carbon dioxide associated with the planting and processing of
plant materials for biofuels is reported to reduce the nutritional quality of major world foods, including
corn, wheat, rice, barley, potatoes, and soybeans. When crops are grown under high levels of carbon
dioxide, protein levels in the crops may be reduced as much as 15% [178].
Many problems associated with biofuels have been ignored by scientists and policy makers. For
one, the biofuels that are being created in order to diminish the dependence on fossil fuels, actually
depend on fossil fuels. In most cases, more fossil energy is required to produce a unit of biofuel
compared with the energy that is produced (Tables 4 – 11). Furthermore, the U.S. is importing oil and
natural gas to produce biofuels, which is not making the U.S. oil independent. Secondly, some
publications use incomplete or insufficient data to support the claims of the pro-biofuel publications.
For instance, claims that cellulosic ethanol provides net energy [104] have not been experimentally
verified because most of the calculations are theoretical. Finally, environmental problems such as
water pollution from fertilizers and pesticides, global warming, soil erosion and air pollution are
intensifying with biofuel production. There is simply not enough land, water, and energy to produce
biofuels.
Based on careful up-to-date analysis of all fossil energy inputs, most conversions of biomass into
ethanol and biodiesel result in a negative energy return. Four of the negative energy returns are: corn
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ethanol (minus 48%); switchgrass (minus 68%) soybean biodiesel (minus 63%); and rapeseed (minus
58%). Conversely, palm oil production in Thailand suggests a positive 30% energy return.
Some balance and improvement in the food and biofuel situation is possible. There is desperate
need for petroleum and natural gas conservation as well as sound soil, water, and biological resource
conservation. There are many opportunities for implementing known sustainable agricultural and
forestry technologies. These include:
1) Soil conservation by leaving crop residues on the surface of the soil. Planting cover crops after
the main crop, like corn has been harvested. Other soil conservation technologies that should be
employed when possible are: planting on the contour; planting on terraces; using grass strips;
crop rotations; mulches; and similar technologies and combinations.
2) Water conservation is vital because of the enormous amounts of water crops utilize. In addition
to soil conservation technologies, increasing the organic matter in the soil will increase the
water holding capacity significantly and will increase the number and abundance of soil biota.
3) Planting trees as hedge-rows and wind breaks can significantly reduce soil loss, water runoff,
and evaporation.
4) Maintaining forest stands will conserve soil, water, biodiversity in the ecosystem.
Because the green plants in the U.S. collect a total of only 32 quads of solar energy per year, they
cannot provide the nation with a replacement of the more than 100 quads of fossil energy use per year.
This means that even if all available crops, forests, and grasses were harvested for biofuel, we would
still be dependent on oil and natural gas supplies, which are projected to disappear in about 40 years.
U.S. citizens should reduce their per capita energy use by one-half because this change will become a
reality when oil and natural gas supplies disappear in about 40 years. Instead of subsidizing corn
ethanol and soybean biodiesel by more than $10 billion per year, these funds should be invested in
research in renewable energy technologies.
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