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Abstract 

 As corn ethanol has become a significant player in the United States automotive fuel industry 

over the past decade, several recent studies have attempted to quantify the energy balance of ethanol 

based on life-cycle production energy analysis.  These studies arrive at different conclusions due to 

varying assumptions about system boundaries and farm inputs, but direct comparison is hampered by a 

lack of standardization in both units and methodology for production stage itemization.  This work thus 

standardizes the data of four major recent studies—Shapouri et. al. (2004), Dias de Oliveira et. al. 

(2005), Hill et. al. (2006), and Pimentel et. al. (2007)—and performs a simple side-by-side comparative 

analysis in an effort to determine the reasons for and validity of final energy balance values as measured 

by energy return on investment (EROI).  The author finds that the current best estimate of EROI is 

slightly positive (1.0-1.1), but unless the negative impacts of key externalities, including climate change, 

soil erosion, and the food-fuel tradeoff, can be minimized, corn ethanol is not suitable for large-scale 

domestic fuel consumption. 

 

I. Introduction 

Since 2005 the United States corn ethanol industry has experienced remarkable growth, with 

production increasing from 10 billion liters in 2005 to 25 billion liters in 2007, accounting for 20% of the 

total 2007 US corn harvest (IATP 2006a, USDA ERS 2008).  The potentially adverse impacts of climate 

change due to anthropogenic greenhouse gas emissions necessitate the development of low-emission 

“renewable” energy sources.  Furthermore, concerns over national security have fueled the desire to 

end our dependence on oil supplied by politically unstable or unfriendly foreign countries.  In response, 

the U.S. heavily subsidizes ethanol in order for it to compete with regular gasoline in the automotive fuel 

market (Du et. al. 2008). 



Despite the perspective of ethanol derived from corn (Zea Mays L.) as a “green” energy source, 

its precise energy return on investment (EROI)—the ratio of output energy to total input production 

energy per unit volume produced—remains the subject of contentious debate, particularly given the 

potential contribution of the diversion of corn from food to fuel production to the recent spike in global 

food prices (Park and Fortenbery 2007).  The debate has focused primarily on the proper accounting of 

the energy life-cycle of ethanol production needed to determine EROI.   Assumptions regarding which 

steps and components of the production process should be included in the accounting, as well as the 

magnitude of energy input at each step, often vary widely across studies.  Furthermore, the breakdown 

of energy contributions (e.g. “herbicides” and “pesticides” vs. simply “chemicals”) and the energy units 

employed for final analysis are not consistent, thereby making simple comparative analyses 

cumbersome. 

 Thus, the author seeks to standardize the units and perform a true side-by-side analysis of the 

results of four recent major studies: Shapouri et. al. (2004), Dias de Oliveira et. al. (2005), Hill et. al. 

(2006), and Pimentel et. al. (2007) (hereafter Shapouri04, Oliveira05, Hill06, and Pimentel07, 

respectively).  The sources of discrepancies in final results between the studies are then examined in 

order to determine the current “best estimate” for corn ethanol EROI. 

 

II. From grain to gas tank 

a. Corn production 

Corn is a temperate-season crop planted in the spring and harvested in the fall.  The seed is 

often a hybrid seed designed to be optimal for ethanol production (Stewart and McDonald 2008).  On-

farm practices are highly mechanized in the United States (Dias de Oliveira et. al. 2005), including use of 

a tractor, plow, cultivator, planter, combine, harvester, and, if necessary, irrigator, in order to prepare 



the soil, plant the seed, facilitate growth, and harvest the crop at the end of the growing season.  

Fertilizers are applied to boost soil nitrogen (ammonium nitrate NH4NO3 or urea (NH2)2CO), phosphorous 

(phosphoric acid H3PO4 or phosphorous pentoxide P2O5), and potassium (potash K2O) content, and to 

reduce soil acidity (lime, with CaCO3), as well as herbicide and insecticide.  After harvest, the corn is 

transported to a nearby storage facility, typically by a local grain elevator.  It is subsequently transported 

by truck to a terminal and finally by barge or rail to the ethanol plant. 

 

b. Ethanol processing 

There are two primary processes for ethanol production (market share in 2005): dry-grinding 

(67%) and wet-milling (33%) (Hettinga et. al. 2008).  In dry-grinding, the corn is first cleaned and ground 

into a powder.  Water and alpha-amylase enzyme are added and the mixture is heated to liquefaction to 

kill bacteria.  Gluco-amylase enzyme is added as it cools to convert the corn starch to fermentable 

glucose.  Yeast is added to ferment the glucose into ethanol and carbon dioxide.  The resulting “mash” is 

distilled via boiling, capturing the ethanol (BP=78C) gas vapor, and recondensing in order to extract it 

from the excess corn solids and water (“stillage”).  The extracted alcohol is only approximately 95% pure 

and thus must be further dehydrated, typically with a molecular sieve, to attain 99.5% purity required 

for fuel consumption.  The final product is denatured with gasoline to make it non-potable.  Wet-milling 

is a similar process, although the starch is first separated from the germ, hull fiber, and protein by 

steeping, to soften the kernel, and then fractionated by heating and grinding prior to fermentation.  

(Hettinga et. al. 2008, Rausch and Belyea 2006, NWICC) 

In both cases, additional material, termed “co-products,” is output that can be used for external 

purposes and thus serve to boost economic competitiveness of ethanol fuel.  Dry-grinding has a single 

primary marketable co-product: distiller’s dried grains with solubles (DDGS), derived from the corn 



stillage, whose high protein and fat content make them ideal for replacing corn and soybean meal in 

farm animal feed (Belyea et. al. 2004).  Wet-milling, on the other hand, has multiple marketable co-

products: corn gluten meal, corn gluten feed, and corn germ meal, all of which are marketable as 

components in farm animal feed as well, although with considerably more complexity (Rausch and 

Belyea 2006).  In terms of energy life-cycle assessment, co-product energy values are calculated using 

the “displacement method” (Shapouri et. al. 2002), whereby the energy value is assumed to equal the 

input production energy required to produce that which the co-product will displace. 

 

c. Distribution 

Ethanol is typically transported from plant to collection terminal by truck, then to fuel 

distribution terminals by barge or rail, and finally to gas stations by truck (Shapouri et. al. 2002). 

 

III. The energy life-cycle: comparison of 4 recent studies 

a. Standardization 

Several major studies have been performed over the past decade to estimate the energy 

balance of corn ethanol with highly variable results.  Unfortunately, proper comparative analysis of the 

studies’ outcomes is hindered by a lack of standardization in units and process naming conventions, as 

well as debate over yield values and appropriate ethanol production system boundaries.  Thus, for the 

four most recent major energy balance studies—Shapouri04, Oliveira05, Hill06, and Pimentel07—the 

author has compiled and recalculated their results in a standardized manner: 

1) Processes are broken down and organized into production stages following the structure of 

Table 7 in Hill06 



a. Seed production (1) 

b. Farm (4): fossil fuel energy use, fertilizer and pesticide production, machinery 

production, household energy use 

c. Ethanol plant (3): energy use, construction, laborer household energy use 

d. Transport (1): crop and biofuel 

2) Energy values for each individual process or input are computed in units of megajoules per 

liter (MJ/L) of ethanol produced. 

3) The values from Oliveira05 are recalculated using ethanol’s low heat value (LHV) instead of 

high heat value (HHV) for conformity
1
 

Oliveira05 takes much of its data from a 2002 Shapouri et. al. study, and Hill06 uses for input data a 

variety of averages across studies, one of which is Shapouri04 itself.  Thus, it is important to note that 

the non-Pimentel studies are not fully independent, but each still offers objective insight into the validity 

of system boundary assumptions and input energy values. 

 

b. The data 

The assumptions made by each study for corn yield (t/ha) and corn-ethanol conversion (L 

ethanol / ha corn) are listed in Table 1.  Pimentel07 is the only study to employ an average corn yield 

based on all 50 states rather than the nine primary corn producing states.  For the years included in yield 

averages among the studies (Figure 1), only 2002 (8.1 t/ha) and 2004 (10.1 t/ha) were below and above, 

respectively, the longer-term trend of ~2% annual corn yield increase over the past 20 years (USDA ERS); 

all other years lie close to the trend line.  Thus, despite the concerns of Pimentel (Pimentel et. al. 2005, 

                                                           
1
 Heat value is a measure of the output energy of the fuel: LHV (HHV) is the standard heat of combustion assuming 

water in combustion exhaust is in water vapor (liquid) phase. For ethanol: LHV ≈ 21.3 MJ/L; HHV ≈ 23.5 MJ/L. 



Pimentel07), none of the yield estimates appear to be selectively chosen; rather, because of the 

observed trend, higher average yields are primarily the result of using more recent data.  

The full breakdown of production stages is shown in Table 2.  Hill06 and Pimentel07 both 

incorporate data for all production stages, whereas Shapouri04 and Oliveira05 both view farm 

machinery production and processing facility construction as negligible.   Oliveira05 also ignores 

household energy to sustain both farm and processing facility labor, although these quantities are 

relatively small across all studies.  The most energy-intensive stage is ethanol processing, which 

consumes 50-70% of the total life-cycle input energy, although fertilizer input (10-30%) and fossil fuels 

are also important (10-20%) in all cases.  The sum of production stage values (bold) equals the estimated 

total input energy value for ethanol production.  All studies but Pimentel07 obtain final input energy 

values of approximately 20 MJ/L ethanol, while Pimentel07 obtains a value of nearly 30 MJ/L. 

Table 3 displays the final calculations of EROI, both excluding and including co-product credits; 

EROI value greater than 1 indicates a net gain in energy.  Excluding co-product credits, there is once 

again a clear grouping among Shapouri04, Oliveira05, and Hill06, which obtain values at or just above 1, 

whereas Pimentel07 calculates an EROI value of .7.  With co-product credits included (only Hill06 and 

Pimentel07, which both assume dry-grinding only), the EROI value of Hill06 increases substantially to 

1.25, while that of Pimentel07 only increases to .76.  Results including co-products from the Shapouri04 

study are not incorporated here because their analysis is poorly explained and appears to equate co-

products with additional fuel in their final per-gallon EROI calculation, when in fact it is merely additional 

output whose utility is likely to be much lower than the ethanol itself.  Thus, the author agrees with 

Pimentel07 that such an assumption is unsound. 

 

c. Methodological differences 



What are the causes of the disparities in calculated EROI values across the studies, in particular 

between Pimentel07 and the others?  There are four key production stages with significant 

discrepancies: fertilizer and pesticide; processing facility energy use; processing facility construction; and 

crop/biofuel transport.  In each case, the energy input values of Pimentel07 are 1.5-3 MJ/L greater than 

the other studies.  First, regarding farm inputs, Pimentel07 accounts for average growing season 

irrigation (.4 MJ/L), including pumping water from an average depth of 100m, and consistently reports 

50-400% higher energy values for direct farm inputs.  While the former is reasonable, the latter is due 

specifically to substantially higher values of production energy requirements of the various fertilizers 

and chemicals, some of which have undefined origins.   Second, values for processing facility energy use 

are taken from acceptable sources on both sides (Pimentel07: Illinois Corn 2004; Shapouri04: BBI 

International 2001; Hill06: study average) and neither is clearly correct.  Pimentel07 accounts for the 

biological oxygen demand of sewage effluent from the plant while others do not, but this adds a mere .3 

MJ/L to the total.  Third, per-liter energy input due to plant construction is ignored in Shapouri04 and 

Oliveira05 and found to be nearly negligible in Hill06, but it is substantial in Pimentel07.  Pimentel’s 

construction data is taken from an inaccessible source from the Australian government (Newton 2001), 

whereas Hill’s methodology is fully transparent and is based upon known values of construction and 

materials costs, plant life (20 years), and total average annual ethanol production (1.14 x 10
8
 L/yr), and 

also includes a 50% energy input for building assembly.  Thus, Pimentel’s high per-liter construction 

energy input values are not well supported.  Finally, corn and ethanol transport values are taken from 

reasonable sources in both cases, although the values used in Oliveira05 are based on a full and 

transparent accounting done in Shapouri et. al. (2002) that includes characteristic distance and vehicle 

type for every stage of transport.  One may also assume that as the industry develops and new plants 

emerge that transportation costs may decrease, unless offset by rising energy prices.  Overall, beyond 



the inclusion of irrigation as a sensible addition, those values in Pimentel07 which diverge strongly from 

the other studies lack suitable evidence for validation. 

 A second key discrepancy is that of the value of co-product output energy.  Hill06 allocates 4.31 

MJ per liter ethanol produced, whereas Pimentel07 allocates only 1.86 MJ per liter.  Pimentel07 

calculates .89 kg DDGS, which translates to .56 kg soybean meal credit, per liter ethanol; Hill06 

estimates that enough DDGS is produced to displace .78 kg corn meal and .59 kg soybean meal per liter 

ethanol.  For comparison, Rausch and Belyea (2005) estimate .73-.77 kg DDGS per liter ethanol, 

depending on yield value and ethanol output conversion value per hectare corn.  Unfortunately, Hill06 

does not state the actual quantity of DDGS produced and the source cited for the data does not address 

DDGS.  Therefore, it is impossible to determine whether the discrepancy is due to contrasts in DDGS 

output values or to replacement conversion factors between DDGS and corn/soybean feed.  

Nonetheless, the true replacement value of co-products is a subject of ongoing discussion due to high 

variability in nutrient composition (fat, protein etc.) and undesirable compounds such as sulfur, due to 

differences in specific processing techniques and other external environmental factors during crop 

growth, that have uncertain effects on animals when consumed and thus reduce market value for such 

products (Kim et. al. 2008, Rausch and Belyea 2005, Belyea et. al. 2004). 

 

IV. Externalities 

Pimentel07 is the only study to acknowledge environmental and economic externalities 

associated with corn ethanol production, which are notoriously difficult to quantify but nonetheless 

should not be ignored.  It is still unclear whether corn ethanol significantly reduces CO2 emissions, which 

may contribute to climate change, relative to gasoline on a life-cycle basis (Fargione et. al. 2008, Farrell 

et. al. 2006).  Corn production causes significant soil erosion, as well as ground and surface water 



pollution given the high chemical input required (NAS 2003).  Away from the corn belt where irrigation is 

needed, groundwater is being depleted due to the water-intensive nature of the corn crop (IATP 2006b).  

Finally, converting crop output from food to fuel may play a role in increasing global food prices (Park 

and Fortenbery 2007).  Pimentel07 estimates that it would require approximately 1 ha of corn to fulfill 

annual transportation needs of the average person using ethanol, whereas annual average per capita 

nutritional consumption requires approximately .5 ha.  Thus, given the above substantial externalities, 

Pimentel argues that corn ethanol is especially unsuitable for use as a domestic fuel source. 

 

V. Conclusions 

This analysis attempts to standardize the results of four recent major studies assessing the 

energy balance of corn ethanol for comparative purposes.  There are effectively two camps: Pimentel et. 

al. (2007), who determines a negative energy balance (EROI < 1) even with co-products included, and 

the studies of Shapouri et. al. (2004), Dias de Oliveira et. al. (2005), and Hill et. al. (2006), which find a 

near-zero and slightly positive energy balance (EROI ≥ 1) without and with co-products, respectively.  

The contrasts between the two camps are manifest primarily in incorporation of appropriate production 

energies of equipment, facilities, and soil inputs.  With the exception of the need to account for 

irrigation, the Pimentel data is not well supported relative to the contrasting studies, suggesting that a 

slightly positive energy balance of corn ethanol is likely our current best estimate when accounting for 

direct energy inputs.  However, the externalities highlighted by Pimentel and largely ignored in other 

studies are substantial and, if quantifiable, would very likely render the energy balance zero or negative.  

Unless such externalities can be remedied or proven minimal, and barring an unexpected leap in input 

energy efficiency, corn ethanol production from feedstock appears to be an unwise choice for large-

scale domestic fuel consumption. 
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Figure 1. US average annual corn yield according to the USDA.  Since 1996, only 2002 (below) and 2004 

(above) show yields significantly different from the longer-term trend. (source: UIUC 2008) 
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Yield and ethanol conversion assumptions 

 Shapouri (2004) Dias de Oliveira (2005) Hill (2006) Pimentel (2007) 

Yield (t/ha) 8.70 7.85 9.30 8.78 

L ethanol / ha corn 3467 3038 3632 3264 

Table 1. Average corn yield and per-hectare ethanol production output for each study.  For yields, 

Shapouri uses a 9-state 2000-2002 weighted average; Dias de Oliveira uses a 9-state 1995-1997 

weighted average; Hill uses a 9-state 2000-2004 weighted average; and Pimentel uses a 50-state multi-

year weighted average (specific years not listed). 

  



Breakdown of Energy Inputs (MJ / L ethanol) 

  Shapouri 

(2004) 

Dias de Oliveira 

(2005) 

Hill 

(2006) 

Pimentel 

(2007) 

Production of seed 0.06 0.71 0.06 0.67 

Farm fossil fuel energy use 1.82 2.30 2.34 2.07 

Diesel 0.78 1.01  1.29 

Gasoline 0.37 0.33  0.52 

Electricity 0.24 0.23  0.04 

Natural Gas 0.19 0.18   

LP Gas 0.22 0.55   

Transport (of farm materials) 0.02   0.22 

Farm fertilizer and pesticide production 3.14 3.62 2.60 5.92 

Nitrogen 2.45 2.77 2.07 3.18 

Phosphorous 0.17 0.15 0.13 0.42 

Potash 0.20 0.20 0.11 0.35 

Lime 0.01 0.15 0.09 0.40 

Herbicide 0.31 0.26 0.20 0.80 

Insecticide 0.00 0.09 0.01 0.36 

Irrigation 0.01   0.41 

Farm machinery production 0.00 0.00 0.21 0.43 

Tractor - large  0.03  

Tractor - small  0.02  

Field cultivator  0.01  

Chisel plow/ripper 0.01  

Planter   0.01  

Combine  0.03  

Soybean combine head 0.01  

Corn combine head 0.01  

Gravity box (x4)  0.02  

Auger   0.00  

Grain bin (x3)  0.03  

Irrigation  0.01  

Sprayer   0.00  

Agricultural buildings 0.03  

Farm household energy use 0.16 0.00 1.18 0.53 

Custom work 0.16    

Processing facility energy use 13.86 13.70 12.73 15.60 

Water    0.38 

Steam    10.66 

Electricity   4.23 

95%-->99.5%   0.04 

Sewage effluent   0.29 

Processing facility construction 0.00 0.00 0.04 2.68 



Concrete  0.02 1.61 

Structural carbon steel 0.01  

Building siding carbon steel 0.00  

Carbon steel liquid storage tanks 0.00  

Stainless steel liquid storage tanks 0.00  

Stainless steel piping 0.00 0.69 

Carbon steel piping 0.00 0.39 

Other stainless steel equipment 0.00  

Processing facility laborer household 

energy use 

0.00 0.00 0.15 0.00 

Crop and biofuel transportation 1.01 1.07 1.07 2.73 

Transport farm to plant 0.59 0.63  1.35 

Ethanol distribution 0.41 0.44  1.39 

Total 20.1 21.4 20.4 30.6 

Table 2. Itemized breakdown of energy input values for each study.  All values are listed in units of 

megajoules per liter (MJ/L) ethanol produced. 

  



Energy Return on Investment (EROI): output energy / input energy 

 Shapouri 

(2004) 

Dias de Oliveira 

(2005) 

Hill (2006) Pimentel (2007) 

Total energy input (MJ/L) 20.1 21.4 20.4 30.6 

Ethanol energy output (MJ/L) 21.3 21.2 21.3 21.5 

Co-product energy output (MJ/L) 0.0 0.0 4.3 1.9 

Total energy output (MJ/L) 21.3 21.2 25.6 23.3 

EROI w/o co-products 1.06 0.99 1.04 0.70 

EROI w/ co-products NA NA 1.25 0.76 

Table 3. Input data and final calculated energy return on investment (EROI), the ratio of output energy 

to input production energy.  An EROI value greater than 1 indicates a net energy gain. 


