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Abstract 
 
In 2004, the U.S. used 3.4 billion gallons of fuel ethanol for blending with gasoline.  Virtually all 
of it was produced from corn. The energy and environmental effects of use of corn-based ethanol 
has nonetheless been questioned. For example, a few researchers maintained that corn-based 
ethanol has a negative energy balance value (which means that more fossil energy is required to 
produce ethanol than the amount of energy in the produced ethanol) and results in increases in 
greenhouse gas (GHG) emissions relative to petroleum gasoline.  
 
Since 1997, the Center for Transportation Research of Argonne National Laboratory has been 
evaluating fuel ethanol’s energy and GHG emission impacts as part of its overall efforts of 
evaluating well-to-wheels energy and emission effects of various advanced vehicle technologies 
and transportation fuels. Argonne’s analysis, in agreement with many other recently completed 
studies, concludes that corn-based ethanol achieves energy and GHG emission reduction benefits, 
relative to gasoline. This is mainly because of 1) improved corn productivity in U.S. corn farms 
in the past 30 years; 2) reduced energy use in ethanol plants in the past 15 years; and 3) 
appropriately addressing of ethanol’s co-products. Furthermore, Argonne concludes that 
cellulosic ethanol to be produced from feedstocks such as woody or herbaceous biomass has 
much larger energy and GHG emission reduction benefits. This paper presents Argonne’s 
updated energy and GHG emission results of fuel ethanol in the U.S. 
 
Introduction 
 
After the second oil crisis in 1979, the U.S. government decided to promote use of ethanol in the 
U.S. transportation sector. Subsequently, in the 1990 Clean Air Act Amendments, Congress 
required use of ethanol in gasoline as an oxygenate to help reduce air pollutant emissions. Since 
1980, use of fuel ethanol has increased from less than 200 million gallons in 1980 to 3.4 billion 
gallons in 2004 (Figure 1). Of the 3.4 billion gallons of ethanol used in 2004, the shares of 



ethanol blends with gasoline are listed in Table 1. The recently adopted Energy Bill in the U.S. 
will require fuel ethanol use of 7.5 billion gallons a year by 2012.  
 

0

1000

2000

3000

4000

5000

6000

7000

8000

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

M
ill

io
ns

 o
f g

al
lo

ns

Actual Production
Energy Bill 
Requirement

0

1000

2000

3000

4000

5000

6000

7000

8000

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

M
ill

io
ns

 o
f g

al
lo

ns

Actual Production
Energy Bill 
Requirement

0

1000

2000

3000

4000

5000

6000

7000

8000

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

M
ill

io
ns

 o
f g

al
lo

ns

Actual Production
Energy Bill 
Requirement

 
Figure 1.  Annual Fuel Ethanol Use in the U.S. (Historical data is from Renewable Fuels 

Association [2005] and future use is the 2005 Energy Bill requirement) 
 

Table 1.  Ethanol Use in Different Ethanol Blends in 2004 (RFA, 2005) 
 

Ethanol Use Million Gallons Share of Total 
Federal reformulated gasoline (RFG) 1,950 54.6% 
Conventional gasoline 1,050 29.4% 
Federal winter oxygenate fuels 290 8.2% 
Minnesota ethanol program 280 7.8% 
Total 3,570 100% 

 
 
At present, virtually all U.S. fuel ethanol is produced from fermentation of corn in dry and wet 
milling plants, most of which are located in U.S. Midwest states. In 2004, two-thirds of U.S. total 
fuel ethanol was produced from dry mill plants and the remaining one-third from wet mill plants. 
For comparison, Brazil is World’s largest fuel ethanol producer. In 2004, Brazil produced about 
4 billion gallons of ethanol. Its ethanol is produced from sugarcane. 
 
Besides corn-based and sugarcane-based ethanol, ethanol can be produced from cellulosic 
biomass through fermentation of cellulose and semi-cellulose. At present, cellulosic ethanol 
technology is at the research and development (R&D) stage. The U.S. Department of Energy 
(DOE) has extensive R&D efforts on cellulosic ethanol. The potentials of cellulosic ethanol in 
terms of resource supply and energy and environmental benefits are much greater than those of 
corn ethanol.  



 
Energy and environmental effects of using fuel ethanol in the U.S. have been debated since the 
inception of the fuel ethanol program in 1980. Over the past 25 years, more than 20 studies were 
published on the so-called energy balance of corn ethanol. In those studies, energy balance is 
usually defined as the energy in a gallon of ethanol minus the total fossil energy input (including 
energy in petroleum, natural gas, and petroleum) consumed to make that gallon of ethanol. 
Through late 1970s to 1980s, several studies concluded that corn ethanol resulted in negative 
energy balance. But most recent studies concluded that corn ethanol indeed has positive energy 
balance, except for a few studies conducted by Pimentel and his co-authors which maintain that 
corn ethanol still has negative energy balance. 
 
Since 1980s, the Center for Transportation Research of Argonne National Laboratory has 
conducted life cycle analyses of energy and emission effects of transportation fuels for U.S. DOE. 
With DOE support, Argonne began to develop the GREET (Greenhouse gases, Regulated 
Emissions, and Energy use in Transportation) model in 1995. The GREET model is a life cycle 
model for transportation fuels and vehicle technologies. It contains more than 85 transportation 
fuel pathways. Among them, four are fuel ethanol pathways (corn dry mill ethanol, corn wet mill 
ethanol, woody cellulosic ethanol, and herbaceous cellulosic ethanol). The GREET model and its 
documentation are posted at Argonne’s GREET website at http:/greet.anl.gov. At present, there 
are more than 2,000 registered GREET users worldwide. 
 
Since 1997, Argonne has applied, updated, and upgraded the GREET model to evaluate fuel 
ethanol’s energy and emission efforts relative to petroleum gasoline. In 1997, Argonne published 
its findings of an ethanol analysis that was conducted for State of Illinois (Wang et al. 1997). 
Subsequently, with DOE support, Argonne continued its effort of analyzing fuel ethanol (Wang 
et al. 1999a, Wang et al. 1999b). In 2003, with support of Sate of Illinois, Argonne analyzed 
potential effects of blending ethanol into diesel (Wang et al., 2003). This paper presents updated 
energy and GHG emission results of fuel ethanol that are generated with the most current version 
of the GREET model. 
 
Energy Balance of Fuel Ethanol 
 
Energy balance for an energy product is defined as the energy content of a unit of the energy 
product minus fossil energy inputs to make it. Calculations of fossil energy inputs include all key 
activities in production of the energy product. The GREET model can estimate energy inputs to 
produce transportation fuels including ethanol. Although GREET does not explicitly present 
energy balance values of different transportation fuel products, its intermediate results do contain 
information of energy balance values. 
 
Figure 2 shows the key activities that are included in energy balance calculations for both corn-
based ethanol and petroleum gasoline by the GREET model. For corn ethanol, GREET includes 
fertilizer production, fertilizer transportation from plants to farms, corn farming, corn 
transportation from farms to ethanol plants, ethanol production, and ethanol transportation from 
ethanol plants to refueling stations. For petroleum gasoline, GREET includes petroleum recovery, 
petroleum transportation from oil fields to petroleum refineries, gasoline production in refineries, 
and gasoline transportation from petroleum refineries to refueling stations.  



 
As Figure 2 shows, GREET simulations conclude that 0.74 million Btu of fossil energy is 
consumed for each million Btu of ethanol available at refueling stations. Thus, Argonne’s 
GREET simulations show a positive energy balance value for corn ethanol. On the other hand, 
1.23 million Btu of fossil energy is consumed for each million Btu of gasoline available at 
refueling stations. That is, production of gasoline has a negative energy balance value. Note that 
in GREET calculations, the energy used to produce a fuel as well as the energy contained in the 
fuel are taken into account. For example, for a kWh of electricity used, GREET takes into 
account the 3,412 Btu contained in that kWh and the energy loss in electric power plants to 
produce that kWh of electricity. The same applies for other energy products such as gasoline, 
diesel, natural gas, etc. 
 
One may wonder why corn has a positive energy balance while petroleum gasoline has a 
negative energy balance. The difference is primarily caused by the definition of energy balance 
calculations (energy in an energy product minus fossil energy use to produce that energy 
product). In the corn ethanol case, the feedstock of ethanol production is corn whose energy is 
from solar energy through photosynthesis. Solar energy is not considered in energy balance 
calculation. This is because solar energy is renewable and is not subject to resource depletion (as 
opposite to fossil energy). In the case of petroleum gasoline, the feedstock of gasoline production 
is petroleum whose Btu is taken into account in energy balance calculation. 
 

 
 

Figure 2.  Activities Included in Energy Balance Calculations for Corn Ethanol and Petroleum 
Gasoline 

 



Figure 3 presents energy balance calculations for U.S. electricity generation. The U.S. generates 
54% of its electricity from coal, 14% from natural gas, 1% from oil, 18% from nuclear energy, 
and the remaining 13% from other sources such as hydro-power. Figure 3 shows that for U.S. 
average electricity, 2.34 million of fossil energy is consumed for a million Btu of electricity 
available at wall outlet.  
 
Fossil fuel powered electric plants have an energy conversion efficiency of about 35%. Thus, 
fossil electric power plants in the U.S. may require 2.96 million Btu of fossil energy per 1 
million Btu of electricity generated. The fossil energy requirement of 2.34 million Btu, instead of 
2.96 million Btu, for U.S. average electricity generation is due to the fact that a significant 
amount of U.S. electricity is generated from nuclear energy and hydro-power, which are not 
taken into account in fossil energy requirement calculations.   
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Figure 3.  Calculation of Fossil Energy Balance of U.S. Electricity Generation 
 
The above discussion shows fossil energy balance results for corn ethanol, petroleum gasoline, 
and U.S. average electricity. Figure 4 further summarizes energy balance results for the three 
energy products plus cellulosic ethanol and coal. Among the five energy products, cellulosic and 
corn ethanol have positive energy balances, which are caused by the fact that solar energy is the 
ultimate energy feedstock for ethanol production. The huge positive energy balance for cellulosic 
ethanol is caused by little use of fertilizer for farming of cellulosic biomass and use of the 
unfermentable portion of biomass in cellulosic ethanol plants to generate steam and electricity. 
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Figure 4.  Fossil Energy Balance Values of Five Energy Products Estimated with GREET 

 
One might conclude from Figure 4 that gasoline production and electricity generation, both of 
which have large negative fossil energy balance values, should be eliminated. This obvious 
wrong conclusion is caused by the deficiency of fossil energy balance values themselves. By 
adding all fossil Btus together, energy balance calculations fail to address the fact that different 
energy products have very different qualities. For example, while electricity suffers a large 
negative energy balance, it is a high-quality energy product that our daily life depends heavily on 
it. In practice, there is no substituting energy product for most of electricity uses. Similar, 
gasoline is a premium transportation fuel for internal combustion engine use. We cannot, and 
should not, make energy choice decisions based solely on energy balance values of individual 
energy products. Yet, energy balance values have been a focal, but misguided, point in ethanol 
policy debates.  
 
Key Technical Issues for Corn Ethanol  
 
An objective evaluation of corn ethanol’s energy and environmental effects should take into 
account key technical issues regarding improvements in energy efficiencies of key production 
activities and ethanol’s co-products. Among activities for corn ethanol production pathway, 
fertilizer production, corn farming, ethanol production, and co-products of ethanol plants are key 
activities and factors determining corn ethanol’s energy and emission results.  
 
Nitrogen Fertilizer Production 
 



Corn farming requires intensive nitrogen fertilizer use. Wang et al. (2003) examined recent trend 
in energy intensity of nitrogen fertilizer production. Because of the dramatic increase in natural 
gas price in North America in recent years, many North American nitrogen fertilizer plants were 
shut down. Consequently, the U.S. has increased its nitrogen fertilizer import. Nitrogen fertilizer 
plants that have been recently built outside of North America are shown with improved energy 
efficiencies. GREET simulations take into account this recent trend of nitrogen fertilizer 
production. 
 
Corn Farming 
 
The U.S. has about 80 million acres of corn farms to produce more than 11 billion bushels of 
corn a year. Over the past 100 years, the U.S. corn yield per acre has increased nearly 8 times to 
above 140 bushels an acre (Perlack et al., 2005). However, the increase in per-acre corn yield in 
early years was resulted from increased inputs of chemicals, especially nitrogen fertilizer, to corn 
farms. While such increases through high chemical inputs helped per-acre corn production, they 
did not help corn yield per unit of fertilizer input, which is directly related to corn ethanol’s 
energy and emission effects. 
 
Figure 5 shows the change in corn productivity, defined as bushels of corn per pound of nitrogen, 
phosphate, and potassium fertilizer used. This index is a better representative of corn 
productivity’s effect on corn ethanol’s energy and emission effects. As the chart shows, since 
mid-1980s, corn productivity has gone up by about 70%. Because of efforts such as precision 
farming and better corn varieties from seeds companies, it is anticipated in the agricultural 
community that the uptrend in corn productivity will continue into future years. 
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Figure 5.  Historical Trend of Corn Productivity (based on USDA data, results are 3-year moving 

averages in order to limit yield fluctuations in individual years caused by weather) 
 



Energy Use in Ethanol Plants 
 
Both wet and dry milling ethanol plants produce fuel ethanol in the U.S. In wet milling ethanol 
plants, corn oil, gluten, and other high-value products are produced with ethanol. In dry milling 
plants, ethanol is produced from fermentation of starch, and the residues from fermentation 
become high-protein distillers’ dry grains and solubles (DDGS) as animal feeds. Wet milling 
plants are much larger than dry milling plants and require larger capital investments. Prior to 
2000, more ethanol was produced from wet milling plants than from dry milling plants. But now 
more ethanol is produced from dry milling plants than from wet milling plants.  
 
Ethanol plants in operation in 1980s usually had high energy use per gallon of ethanol produced. 
Energy cost is the second largest cost item after corn feedstock cost for ethanol plant operation. 
For economic reasons, ethanol plant design engineering firms and plant operators have made 
efforts to reduce energy use in ethanol plants and to increase ethanol yield per bushel of corn. 
For example, ethanol yield has been increased from less than 2.5 gallons per bushel of corn in 
1980s to 2.7 gallons now. As a result, energy use per gallon of ethanol produced has been 
reduced significantly. Figure 6 shows that in 20 years, per-gallon energy use has been reduced by 
more than 20% in wet milling plants and by more than 40% in dry milling plants. Efforts are 
continued to increase in ethanol yield in corn ethanol plants and there is new interest in use of 
crop residues in place of natural gas and coal in ethanol plants. These will continue to help corn 
ethanol’s energy and emission results. 
 

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

80,000

Wet Mill Dry Mill

B
tu

/G
al

lo
n

1980s
2000s

 
Figure 6.  Energy Use Per Gallon of Ethanol Produced in Corn Ethanol Plants (from Argonne’s 

discussion with ethanol plant designers, recent USDA survey data, and other reported data) 
 
Co-Products in Ethanol Plants 
 
In a typical dry milling ethanol plant, of the total mass of corn kernels, one-third ends up in 
ethanol, one-third in DDGS, and one-third in CO2. Although CO2 is collected in some ethanol 



plants as a commercial product for beverage use, in GREET simulations, Argonne has not 
considered CO2 as a co-product in ethanol plants. On the other hand, DDGS from ethanol plants 
is a commercial product sold in the animal feed market. In fact, many ethanol plants’ economics 
depends partly on sale of DDGS. Figure 7 shows the DDGS consumption in North America. It 
shows that dairy and beef farms are the two major markets for ethanol plants’ DDGS. Besides 
these, there is some amount of DDGS export, primarily to the European animal feed market. 
 

Dairy: 46%
 

Beef: 39% 

Poultry: 4% 

Swine: 11%

 
 
Figure 7.  2003 North American Distillers’ Dry Grains and Solubles Consumption (RFA, 2005) 
 
Thus, in practice, animal feeds are a co-product with ethanol in ethanol plants and have market 
values. In evaluating ethanol’s energy and emission effects, animal feed co-products need to be 
taken into account. Table 2 shows five potential methods to address co-products of ethanol plants. 
The weight-based method splits total energy and emission burdens of corn farming and ethanol 
production between ethanol and animal feeds according to their weight output shares in ethanol 
plants. Similarly, the energy content-based method splits total energy and emission burdens 
according to energy output shares, and the market value-based method according to market value 
shares of products. 
 
The process energy-based method analyzes energy use of individual processes in ethanol plants. 
If a process is in place in ethanol plants for ethanol production, the energy use of this process is 
allocated to ethanol production. On the other hand, if a process (such as animal feed drying) is in 
place for animal feed production, its energy use is allocated to animal feed production. 
 
With the displacement method (also called the system boundary expansion method in the field of 
life cycle analysis), the product that is to be displaced by DDGS is determined first. Energy and 
emission burdens of producing the otherwise displaced product are then estimated. The estimated 
energy and emission burdens are credits that are subtracted from total energy and emission 
burdens of the ethanol production cycle. 



Table 2.  The Allocated Share of Total Energy Burdens for Production of Ethanol’s Co-Products 
 

Method Dry Milling Plant Wet Milling Plant 
Weight-based 51% 52% 
Energy content-based 39% 43% 
Market value-based 24% 30% 
Energy use of individual processes 41% 36% 
Displacement 20% 16% 

 
Table 2 presents the amount of energy that is allocated to animal feeds according to the five 
methods. Of the five methods, Argonne uses the displacement method, the most conservative one 
for estimating corn ethanol’s energy and emission benefits, in its analysis. This is because the 
displacement method is the most defensible and robust method in dealing with co-products in the 
situation where co-products have very different values and purposes (e.g., energy value for 
ethanol vs. nutrition value for animal feed). Note that studies by Pimentel generally dismiss co-
products of ethanol plants. That is, those studies do not give any credits to commercial animal 
feeds that are produced in ethanol plants. 
 
GREET Comparative Energy and GHG Emission Results of Ethanol vs. Gasoline 
 
 In a previous section, we alluded that the energy balance values per se cannot be used to make 
energy choice decisions. In this section, we present energy and GHG emission impacts of fuel 
ethanol relative to petroleum gasoline to show fuel ethanol’s relative energy and emission merits. 
 
In our analysis includes both corn and cellulosic ethanol. While corn ethanol is from 
fermentation of corn starch, cellulosic ethanol is from fermentation of cellulose and semi-
cellulose of cellulosic biomass such as grass and trees that are grown in managed biomass farms. 
Other cellulosic biomass feedstocks such as crop residues (such as corn stover, wheat straw, and 
rice straw, etc.), forest residues, and municipal solid waste could also be used for cellulosic 
ethanol production. We have not evaluated energy and GHG emission effects of cellulosic 
ethanol from those feedstocks. 
 
Figure 8 presents a simplified schematic of cellulosic ethanol production. Cellulosic biomass is 
pretreated in ethanol plants and then goes through fermentation to produce ethanol from 
cellulose and semi-cellulose. The unfermentable portion of biomass is used to generate steam 
and electricity that are needed for ethanol plant operation. In fact, this plant design generates the 
amount of electricity exceeding the amount needed for plant operation, resulting in a net export 
of co-generated electricity from cellulosic ethanol plants to the electric grid. This plant design is 
currently under intensive R&D efforts by governments and industries. In contrary, a recent study 
by Pimentel and Patzek (2005) assumed that fossil fuels are to be used to generate steam and 
electricity needed for cellulosic ethanol plants. The authors did not discuss how the 
unfermentable portion of biomass in cellulosic ethanol plants is dealt with. Thanks to this 
assumption, the authors showed a negative energy balance of cellulosic ethanol that is larger than 
their estimated negative energy balance value for corn ethanol. But other studies, including 
Argonne’s studies, have consistently shown a huge positive energy balance of cellulosic ethanol. 
 



Steam

Biomass 
Feedstock Pretreatment Fermentation Separation

Power Plant: Gas 
and/or Steam Turbine Electricity Effluent 

Discharge

Emissions

Fuel 
Ethanol

Wastewater

Emissions Emissions

Emissions
Solid Residue and 
Methane Wastewater

Treatment

Steam

Biomass 
Feedstock Pretreatment Fermentation Separation

Power Plant: Gas 
and/or Steam Turbine Electricity Effluent 

Discharge

Emissions

Fuel 
Ethanol

Wastewater

Emissions Emissions

Emissions
Solid Residue and 
Methane Wastewater

Treatment

Steam

Biomass 
Feedstock Pretreatment Fermentation Separation

Power Plant: Gas 
and/or Steam Turbine Electricity Effluent 

Discharge

Emissions

Fuel 
Ethanol

Wastewater

Emissions Emissions

Emissions
Solid Residue and 
Methane Wastewater

Treatment

 
 

Figure 8.  Schematic of Cellulosic Ethanol Plant Design Under Intensive R&D Efforts 
 
Figure 9 shows energy use per Btu of fuel available at refueling stations for petroleum-based 
reformulated gasoline (RFG), corn ethanol from dry milling plants, corn ethanol from wet 
milling plants, and cellulosic ethanol. The results are basically those of energy balance 
calculations. That is, the figure shows for a unit of energy product, how much energy is used.  
 
The figure presents energy effects for three energy types – total energy use, fossil energy use, 
and petroleum use. Total energy use includes both renewable Btus and fossil Btus. Fossil Btus 
include those in coal, natural gas, and petroleum. Of the three energy types in Figure 9, the type 
on the right is a subset of the immediate left type.  
 
The separation of energy use in these three types is intended to show that depending on the type 
of energy under evaluation, the results between ethanol and gasoline could be very different. For 
example, if one focuses on total energy results, all ethanol types are worse than RFG, and 
cellulosic ethanol has the highest total energy use. When one focuses on fossil energy results, 
corn ethanol shows moderate fossil energy reduction relative to RFG, and cellulosic ethanol has 
huge reduction. Furthermore, if one focuses on petroleum use, both corn and cellulosic ethanol 
have huge reductions relative to RFG. This is because while a significant amount of fossil energy 
is used to produce corn ethanol, most of the fossil energy use is coal and natural gas. This chart 
demonstrates the importance of the type of energy as well as the amount energy in comparing 
ethanol to gasoline. 
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Figure 9.  Total Btu Consumed for One Btu of Gasoline and Ethanol Available at Refueling 

Stations 
 
In the context of fuel cycle analysis, Figure 9 presents results for the so-called well-to-pump 
activities. A more complete comparison is to use well-to-wheels results by taking into account 
fuel use in motor vehicles. Figure 10 presents relative changes in energy use by fuel ethanol 
relative to RFG for each mile driven on the well-to-wheels basis. At present, most fuel ethanol is 
used in blending with gasoline at lower blending levels (5.7-10% of ethanol by volume). On the 
other hand, it is estimated that there are 4-6 million flexible-fuel vehicles (FFVs) capable of 
using E85 (about 81% ethanol and 19% gasoline by volume). We thus include both E10 and E85 
in Figure 10. 
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Figure 10.  Change of Per-Mile Energy Use by Ethanol Blend to Displace Gasoline 
 
Figure 10 shows that use of E85 achieves much greater reductions in fossil energy and petroleum 
energy than use of E10 does for each mile driven. This is because E85 contains much less 
gasoline than E10 does. Furthermore, use of cellulosic ethanol achieves much greater reductions 
that use of corn ethanol does. Thus, move to cellulosic E85 from corn E10 in the future will help 
achieve larger energy benefits for fuel ethanol. 
 
Use of fuel ethanol may result in GHG emission reductions mainly because the carbon in fuel 
ethanol is carbon from the air during biological plant growth via photosynthesis (Figure 11). Of 
course, the activities of the carbon cycle with ethanol require fossil fuel use and generate GHG 
emissions. Thus, use of ethanol to displace gasoline does not result in 100% reduction in GHG 
emissions.  
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Figure 11.  Recycling of Carbon in Fuel Ethanol Production and Use 
 
Figure 12 shows GHG emission reductions of E10 and E85 vs. RFG for each mile driven on the 
well-to-wheels basis. The results are similar to those of fossil energy results in Figure 10. GHG 
emission results are CO2-equivalent emissions of CO2, methane (CH4), and nitrous oxide (N2O). 
Note that there is a large amount of N2O emissions associated with corn ethanol production that 
are caused from nitrification and denitrification of nitrogen fertilizer in cornfields, which are 
included in GREET simulations. Figure 12 shows that per mile driven, E85 achieves much 
greater GHG emission reductions than E10 does, and that cellulosic ethanol achieves much 
greater GHG emission reductions than corn ethanol does.  
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Figure 12.  Reductions in Per-Mile GHG Emissions by Ethanol Blend to Displace Gasoline 
 
Figure 12 presents GHG emission reductions on the per-mile basis. This is basically from 
individual drivers’ point of view. On the other hand, ethanol producers may be interested in 
GHG emission reductions for each gallon of ethanol used. Figure 13 shows GHG emission 
reductions of fuel ethanol relative to RFG for a gallon of ethanol used to displace an anergy 
equivalent amount of RFG. The chart shows that ethanol use in either E10 or E85 helps reduce 
GHG emissions. For corn ethanol, per-gallon GHG emission reductions range from 18% to 29%, 
depending on dry or wet milling ethanol plants and on use of E10 or E85. On the other hand, use 
of a gallon of cellulosic ethanol helps reduce GHG emissions by more than 85% relative to GHG 
emissions of RFG. 
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Figure 13.  GHG Emission Reductions Per Gallon of Ethanol to Displace An Energy-Equivalent 

Amount of Gasoline 
 
 
GREET results show that cellulosic ethanol can achieve much greater energy and GHG emission 
reduction benefits that corn ethanol does. From potential resource supply point of view, 
cellulosic ethanol also has a much larger supply basis than corn ethanol does. This is explained 
below. 
 
In 2004, the U.S. produced 3.4 billion gallons of corn ethanol, which consumed about 12% of 
total U.S. corn production in that year. On the other hand, the 3.4 billion gallons of ethanol are 
equivalent to 2.27 billion gallons of gasoline (a gallon of ethanol contains two-thirds of the 
energy of a gallon of gasoline). In 2003, the U.S. consumed 134 billion gallons of gasoline and 
39 billion gallons of diesel fuels (EIA, 2005). With 12% of the U.S. corn consumed for ethanol 
production, the amount of ethanol accounted only for 1.7% of the U.S. gasoline market. If 7.5 
billion gallons of ethanol (as required in the adopted Energy Bill) in 2012 is produced from corn, 
that may account for less than 4% of the U.S. gasoline market then. But production of 7.5 billion 
gallons of corn ethanol may already consume about 20% of U.S. corn production then. Thus, 
relative to the U.S. gasoline market size, corn ethanol’s role of transportation fuels will be 
limitged.  
 
In the past, the tradeoff between food and fuel for corn was debated. Though at the global scale, 
this debate may warrant some merit, within the U.S. content, the debate may be less relevant, 
since the U.S. produces too much corn, relative to its own consumption. In addition, the food vs. 
fuel debate failed to take into account the fact that even with ethanol production, the protein 
portion of the corn virtually ends in the food market via animal feeds. 
 



On the other hand, Perlack et al. (2005) estimate that cellulosic biomass supply resources could 
be as much as 1.3 billion dry tons per year (Figure 14), which could produce more than 100 
billion gallons of ethanol a year. Similarly, the Natural Resource Defense Council (Greene et al., 
2005) recently reached a conclusion that the potential scale of cellulosic ethanol production from 
managed biomass farms such as switchgrass farms could be huge. 
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Figure 14.  Potential Cellulosic Biomass Resource Supply in the U.S. (from Perlack et al. [2005]) 
 
The large energy and GHG emission benefits and the great potential of cellulosic ethanol supply 
are recognized in the recently adopted Energy Bill. Provisions are established in the Energy Bill 
to promote research, development, and deployment of cellulosic ethanol. In particular, the 
Energy Bill contains the following provisions to encourage production of cellulosic ethanol: 1) a 
credit trading system for biofuels in which a gallon of cellulosic ethanol is equal to 2.5 gallons of 
biofuel; 2) a program of producing 250 million gallon of cellulosic ethanol in 2013; 3) a loan 
guarantee program to provide up to $250 million per facility; 4) a $650 million grant program for 
cellulosic ethanol; and 5) a $550 million advanced biofuels technology program (RFA 2005b).  
 
Comparison of Completed Studies 
 
In above sections, we discussed key factors in determining energy and GHG emission effects of 
fuel ethanol. We further presented Argonne’s results for fuel ethanol simulated with the GREET 
model. In this section, we compare GREET results with those from many other studies.  
 
Figure 15 summarizes fossil energy balance values of corn ethanol from 22 completed studies 
between 1979 and 2005. Note that all studies except Patzek (2003) excluded solar energy 
embedded in ethanol. For the consistency purpose, Results of Patzek (2003) were adjusted here 
by taking out solar energy in Patzek’s calculations. 



 
Figure 15 shows that most studies completed in 1980s concluded negative energy balance values 
for corn ethanol. However, since mid-1990s, most completed studies showed positive energy 
balances, except that Pimentel continued to show in several studies negative energy balance for 
corn ethanol. The uptrend in corn ethanol’s positive energy balance over time is supported by the 
improvement in corn productivity (Figure 5) and ethanol plant energy efficiency (Figure 6), 
among several other factors.  
 
Comparisons of past completed studies were conducted in two recent studies (Morris et al., 2005; 
Life Cycle Study Institute, 2005). These studies came into the conclusions similar to those 
presented in Figure 15. 
 
We conducted a sensitivity case with the GREET model by applying key assumptions of 
Pimentel and Patzek (2005) to GREET. The result is presented in Figure 15 (named GREET with 
Pimentel Assumption in the chart). With Pimentel’s assumptions, GREET estimated negative 
energy balance value even worse than that estimated by Pimentel. This sensitivity test 
demonstrates that assumptions are the key for differences in results among studies. Readers 
should be critical of the validity of assumptions in a given study rather than taking results of the 
study as a given. The sensitivity test also demonstrates reliability of the GREET model in 
estimating energy use of corn ethanol. GREET generates larger negative energy balance value 
for corn ethanol than Pimentel did for the same assumptions because GREET contains additional 
activities in estimating energy use for transportation fuel production. 
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Figure 15.  Comparison of Fossil Energy Balance of Corn Ethanol Among Completed Studies 

(This is an expanded chart from an earlier, similar chart developed by A. Lavigne and S. Powers of Clarkson 
University in June 2003) 

 
Besides differences in key assumptions among the 22 studies in Figure 15, the system boundary 
defined in each study could be different as well. Figure 16 presents system boundaries used by 



the completed studies. Most studies, including Argonne’s studies, define the system boundary as 
the inner circle of the chart. That is, these studies usually include the so-called operation related 
activities in their analyses. On the other hand, Pimentel defines the system boundary by 
including food intake by farmers, ethanol plant construction materials, and farming equipment 
materials and manufacture. Patzek further includes solar energy embedded in corn kernels. 
 
There is no definitive system boundary that all analysts may agree on. The studies by Pimentel 
over the last 14 years show that even for a single researcher, the system boundary could be 
expended. If one’s intention is to obtain negative energy balance for a given fuel product, one 
can achieve so by expanding system boundary for the fuel product. System boundary definition 
is a moving target and could be arbitrary. 
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Figure 16.  Choices of System Boundary for Corn Ethanol Energy Balance Analyses 
 
One way to overcome effects of system boundary is to conduct comparative analyses of fuel 
products that are substitutes to each other (such as ethanol and gasoline). As long as system 
boundaries are defined for ethanol and gasoline on a consistent basis (for example, energy use 
related to infrastructure is excluded for production of both ethanol and gasoline), the relative 
difference in energy use between ethanol and gasoline can limit the effect of the system 
boundary definition to a large extent. 
 
Figure 17 presents relative changes in GHG emissions by corn ethanol vs. petroleum gasoline for 
use in light-duty vehicles among 17 completed studies. While Figure 16 presents results of 
energy balance values for ethanol itself, Figure 17 presents relative GHG emission changes of 
corn ethanol vs. gasoline. The system boundary effect is limited in Figure 17 because within 
each of the 17 studies, system boundary is consistent between corn ethanol and gasoline. 



Furthermore, Figure 17 shows potential GHG changes when ethanol is used to displace gasoline, 
which have direct policy implications.  
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Figure 16.  Relative Changes in Per-Mile GHG Emissions of Use of Corn Ethanol to Displace 
Gasoline in Light-Duty Vehicles Among Completed Studies 

 
Conclusions 
 
In this paper, we maintain that though self evaluation of a fuel’s energy balance is easy to 
understand, especially by news media, to do so for a fuel in isolation could be arbitrary and 
results may have little practical meaning. A complete, robust way of evaluating a fuel’s effects is 
to compare the fuel (e.g., ethanol) with those to be displaced (e.g., petroleum gasoline). 
 
All Btus are not created equal. The energy sector has been converting low-value Btus into high-
value Btus with energy losses. This is simply dictated by thermodynamic laws. Society has not 
made energy choice decisions on the basis of energy balance values of individual energy 
products. Energy balance calculations are not useful in formulating energy policies. Energy 
balance calculations only offer limited values in shedding light on the efficiency of an energy 
system so that potential improvements of the system can been identified. 
 
To help formulate transportation fuel policies, the issues of concerns, such as petroleum 
consumption and GHG emissions of transportation fuels, should be analyzed directly for 
transportation fuel alternatives. This is because our analysis in this paper demonstrates that 



energy balance values of corn ethanol may not be a good indicator of corn ethanol’s petroleum 
displacement and GHG emission reductions.  
 
Our comparative analysis of fuel ethanol and petroleum gasoline shows that both corn and 
cellulosic ethanol help substantially reduce fossil energy and petroleum use, relative to 
petroleum gasoline. For GHG emissions, while corn ethanol achieves moderate reductions, 
cellulosic ethanol can achieve much great reductions. 
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