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Abstract
Driven by biofuel policies, which aim to reduce greenhouse gas (GHG) emissions 
and increase domestic energy supply, global production and consumption of bio-
ethanol have doubled between 2007 and 2016, with rapid growth in corn-based 
bioethanol in the U.S. and sugar cane-based bioethanol in Brazil. Advances in crop 
yields, energy use efficiency in fertilizer production, biomass-to-ethanol conver-
sion rates, and energy efficiency in ethanol production have improved the energy 
balance and GHG emission reduction potential of bioethanol. In the current study, 
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the water, energy, and carbon footprints of bioethanol from corn in the U.S. and 
sugar cane in Brazil were assessed. The results show that U.S. corn bioethanol has 
a smaller water footprint (541 L water/L bioethanol) than Brazilian sugar cane bio-
ethanol (1115 L water/L bioethanol). Brazilian sugar cane bioethanol has, however, 
a better energy balance (17.7 MJ/L bioethanol) and smaller carbon footprint (38.5 
g CO2e/MJ) than U.S. bioethanol, which has an energy balance of 11.2 MJ/L bioeth-
anol and carbon footprint of 44.9 g CO2e/MJ. The results show regional differences 
in the three footprints and highlight the need to take these differences into con-
sideration to understand the implications of biofuel production for local water re-
sources, net energy production, and climate change mitigation. 

1. Introduction 

In the last few decades, a number of countries have been promoting biofuels as a 
means to reduce greenhouse gas (GHG) emissions, secure domestic energy supply, 
and promote rural economic development.1 Between 2007 and 2016, global bio-
ethanol production grew 2-fold,2 mostly as a result of subsidized biofuel programs. 
Particularly, the U.S., Brazil, and the European Union (EU) are major drivers behind 
the move toward more biofuels in their energy mix. The U.S. has committed to in-
crease biofuel (including ethanol, biodiesel, and advanced biofuels) 3-fold by 2022 
from its 2010 level under its Renewable Fuels Standard program;3 but the vast ma-
jority of this mandated increase would have to come from cellulosic ethanol, which 
has largely failed to materialize. In Brazil, the National Alcohol Program (Pró-Álcool) 
launched mid 1970s is the primary program promoting biofuel, characterized by a 
number of incentives including tax exemptions, guaranteed purchase of ethanol, 
and a mandatory blending of 18−27% of ethanol in gasoline.4 

Brazil was the largest bioethanol producer in the world until the U.S. surpassed 
it in 2006.2,5 The expansion of bioethanol production in both countries was signifi-
cant, with an 88-fold increase in the U.S. and 8-fold increase in Brazil from 1980 
to 2016.2,5 The U.S. is now the world’s largest producer of bioethanol, ac-
counting for 58% of the global production in 2016, followed by Brazil with 
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27%.2 The main source of bioethanol production in the U.S. is corn, in Bra-
zil is sugar cane, and in Europe is sugar beet. 

The fast development of biofuel production has raised important ques-
tions regarding its actual benefits in reducing GHG emissions and its effects 
on food prices, food security, biodiversity, water quality, and water deple-
tion.6,7 In particular, there has been an ongoing debate on whether bioetha-
nol from corn provides a positive energy balance or not,8−11 but this debate 
was largely settled by a 2006 Science article.12 

Several studies were conducted over the last few decades on the en-
ergy balance and GHG emission reduction of corn bioethanol. In particu-
lar the earlier studies9,13−17 concluded that bioethanol production from corn 
requires more energy than that derived from the bioethanol, thus resulting 
in a negative energy balance (for a detailed literature review, see Liska and 
Cassman18). More recent studies, in particular those from the U.S. Depart-
ment of Agriculture19,20 and others,11,12,21,22 concluded that bioethanol from 
corn has a positive energy balance and could help reduce GHG emissions 
and secure domestic energy supply. The opposing conclusions mainly fol-
low from differences in system boundaries, assumptions, and changes in the 
industry over time.7,23 The studies also differ in the extent of including up-
stream energy use (e.g., energy to produce farm machinery), and in terms 
of accounting for the coproduct energy credit. The earlier studies generally 
tend to overestimate the energy use because they do not include recent in-
creases in the energy efficiency of the different production systems, partic-
ularly biorefinery efficiency, that occurred in later years with industry expan-
sion.24 Over the years, the energy intensity of farm inputs such as fertilizers, 
direct energy use per unit of crop produced, crop yield, and the biomass-to-
ethanol conversion rate have improved significantly.11,19,25 Total (direct plus 
indirect) energy input per unit of corn produced has decreased by 25% be-
tween 1990 and 2010.19 During the same period, corn yields have increased 
by 35%. Furthermore, ethanol yields per unit of corn have increased by 26% 
between 1980 and 2008.25 These improvements in the energy efficiency of 
farm production and bioethanol production is reflected in the positive en-
ergy balance found in more recent studies. 

The potential benefit of biofuels in reducing GHG emissions is another 
highly debated topic.7 Several studies suggest that replacing fossil fuels 
by bioethanol will reduce GHG emissions.11,12,21,26,27 According to Search-
inger et al.,28 these studies fail to account for the effect of indirect land-
use changes (ILUC) on GHG emissions, thus overestimating the GHG emis-
sion saving when replacing fossil fuels by biofuels. Searchinger et al.28 
concluded that if the GHG emissions related to ILUC from tropical defor-
estation are taken into account, corn-based bioethanol will nearly double 
GHG emissions instead of reducing them.23 Fargione et al.29 came to simi-
lar findings, but for direct conversion of local grasslands. Both Fargione et 
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al.29 and Searchinger et al.28 argue that biofuels are best made from crop 
residues instead of grains. 

Agriculture is the major water user, accounting for 69% of the global wa-
ter withdrawal from rivers, lakes, and groundwater in 2010,30 and 92% of 
humanity’s water footprint.31 The recent increased interest in biofuels will 
further increase the competition over scarce water resources. Water con-
sumption for producing crops for bioethanol production has thus become 
an important issue. The water footprint of bioethanol could have implica-
tions for these bioethanol programs. Relevant variables to be considered, 
for example, include the choice of feedstock, the intensity of fertilizer use 
and irrigation, the crop yields achieved, and the biomass-to-ethanol con-
version efficiency. The water footprint (WF) quantifies the amount of wa-
ter that is consumed and/or polluted in a final product, considered across 
the full supply chain.32 The WF consists of three components: the blue WF, 
which refers to the volume of surface water and groundwater consumed; 
the green WF, which measures the volume of rainwater consumed; and the 
gray WF, which refers to the volume of water that is required to assimilate 
pollutants.32 In case of the green and blue WF, water “consumption” refers 
to the amount of water that evaporates and is therefore not available for 
another use in the same catchment in the same time period. Several stud-
ies on the WF of biofuels have been conducted, where some focused on a 
single crop and specific country33,34 or several crops in a specific county,35 
whereas others compared the WF of different crops and conversion pro-
cesses.36,37 Studies of a global scope have considered most countries and a 
variety of crops.38−41 Yet other studies focused on second-generation biofu-
els based on lignocellulosic feedstock,36,42,43 or microalgae.44,45 All of these 
studies have shown that the production of biofuel is water-intensive and 
could have adverse effects on both water scarcity and water quality. The WF 
of biofuels is considerably larger than that of fossil fuels. For example, it re-
quires about 187 times more water to travel one kilometer with corn bio-
ethanol (66 L of water/km traveled) compared to conventional gasoline (0.4 
L of water/km).36 Therefore, switching from fossil to biofuels will result in a 
substantial growth in water demand.46,47 Indeed, environmental impacts in 
the U.S. and Brazil have increased over the last few decades due to the in-
creased production and use of biofuels. 

The production of biofuel crops is highly dependent on variable water 
availability and climate. When the agricultural sector in the U.S. suffered 
from a major drought in 2012, economic losses amounted to ~35 billion 
dollars;48,49 among the major crops, corn had the largest loss, and compared 
to the previous year, production and yield levels dropped by 13% and 16%, 
respectively.48 In Brazil, the 2014 drought lead to ~5 billion dollars of eco-
nomic losses and a 2.8% drop in sugar cane production.50,51 After analyzing 
the potential impact of climate variability on corn and bioethanol production, 
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Eaves and Eaves52 concluded that replacing gasoline with bioethanol would 
be substituting geopolitical risk with yield risk. Such yield risks are more pro-
nounced for crop production that solely relies on rainfall. Irrigation is gen-
erally required to meet crop water requirements and to reduce the risks of 
crop failure due to water stress. Stone et al.47 found that the increase of corn 
cultivation in the U.S. for biofuel production, as proposed in the report by 
Perlack et al.,53 will probably have a negative impact on the nation’s water 
resources. Overall, there is a need to preassess to what extent increased bio-
fuel production may contribute to increasing the scarcity of water in streams, 
lakes, and groundwater. 

Farrell et al.12 consider the energy balance as an inadequate indicator and 
recommend having a more complete set of policy relevant metrics to assess 
the environmental implications of bioethanol. While a number of research-
ers have studied the water, energy, and carbon footprints of bioethanol, ei-
ther individually or only energy and carbon footprint together, there are, to 
our knowledge, no studies that combine all three footprints together. There-
fore, the current study aims to simultaneously assess the water, energy, and 
carbon footprints of bioethanol from corn in the U.S. and from sugar cane 
in Brazil. For the first time, by combining the three footprints for bioethanol 
production from corn and sugar cane, we hope to provide an integration of 
relevant information for comparison and evaluation of the sustainability of 
the major global bioethanol producers. 

2. Materials and Methods 

2.1. Corn-to-Bioethanol in the U.S.
 Corn (Zea mays; or maize) is a widely grown crop globally, occupying about 
185 million hectares in 2014.54 China accounted for the largest share in the 
harvested corn area (20%), followed by the U.S. (18%); the U.S., however, had 
the largest share in global corn production (35%), due to higher yields per 
hectare.54 Corn is primarily used as animal feed (55% of global production), 
and for a relatively small fraction for direct human consumption (14%).54 
Only in Africa, the fraction of corn going to human consumption was larger 
(55%) than for feed (32%). In China, 69% of the corn is for animal feed and 
5% for human consumption.54 In the U.S., 38% of the corn is for animal feed, 
29% for bioethanol production, and a very small amount for human con-
sumption.55 Between 2006 and 2016, the amount of corn used for bioetha-
nol production in the U.S. had a 2.5-fold increase.55 

Bioethanol is industrially processed from corn through either dry or wet 
milling process. Dry milling is less capital intensive, but produces low-val-
ued coproducts (distillers dried grain, distillers oil, and biogenic carbon di-
oxide).56 Currently, about 90% of the corn bioethanol produced in the U.S. 
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is from the dry milling and the remaining 10% from wet milling.57 Besides 
corn grain, the milling process requires water, enzymes, ammonia, yeast, en-
ergy, and some other inputs.57,58 

2.2. Sugar Cane-to-Bioethanol in Brazil
Sugar cane is primarily cultivated to meet the global demand for sugar, and 
accounts for about 80% of the global sugar production, while the remaining 
20% comes mainly from sugar beets.59 Brazil and India are the largest cane 
sugar producers, contributing 26% and 21% of global production in 2016, 
respectively.59 In 2014, harvested sugar cane area was ~27 million ha glob-
ally. Brazil accounted for 38% of total area, and India for 18%.54 Brazil is also 
the largest producer of sugar cane, accounting for 39% of the global pro-
duction.54 In Brazil, market prices dictate the relative amount of sugar and 
bioethanol produced. 

2.3. Inputs and Outputs in Production of Ethanol
 Inputs and outputs of bioethanol production from U.S. corn and Brazilian 
sugar cane are shown in Table 1. Different inputs (fertilizer, chemicals, en-
ergy, farm machinery, labor, and transport) are expressed per unit of corn 
or sugar cane produced. The outputs (bioethanol, distillers grains, electric-
ity) are expressed per unit of bioethanol produced. The Supporting Infor-
mation (SI) provides detailed input data for the leading bioethanol produc-
ing states in the U.S. (SI Table S1) and Brazil (SI Table S2). 

2.4. Water Footprint of Bioethanol from Corn and Sugar Cane
The water footprint of bioethanol (WFeth) from corn or sugar cane is the sum 
of the direct and indirect WF along the full production chain: 

WFeth = WFd,farm + WFi,farm + WFd,proc                                 (1) 

where WFd,farm is the direct water use in farming (evapotranspiration from 
the crop field); WFi,farm is the indirect water used in the production of differ-
ent farm inputs, including fertilizer, fungicides, insecticides, herbicides, and 
machinery; and WFd,proc is direct water use in processing of the harvested 
crop to bioethanol. Each component is expressed in liter of water per liter 
of bioethanol produced (L water/L bioethanol). The green and blue WF re-
lated to corn and sugar cane production were calculated based on spatially 
explicit data on crop water use (m3/ha) from Mekonnen and Hoekstra,41 with 
2014−2016 average state level corn and sugar cane yields from USDA48 and 
UNICA (Brazilian Sugar cane Industry Association),5 respectively. The WFs of 
different farm-level inputs were collected from previous literature (Table 2). 
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Table 1. Inputs and Outputs in the Production of Bioethanol from U.S. Corn and Brazilian 
Sugarcane 
   U.S. Brazilian  
Crop production  unit  Corn  Sugar Cane  References 

Seed  kg/Mg of crop  2.45  31.9  Gallagher et al.;19 AgraFNP 60 

Fertilizer 
nitrogen  kg/Mg of crop  6.94  1.10  USDA;48 Veiga et al. 61 
phosphate  kg/Mg of crop  5.53  0.29  USDA;48 AgraFNP 60 
potash  kg/Mg of crop  7.00  1.32  USDA;48 Macedo et al. 27 
limestone  kg/Mg of crop  46  9.13  Gallagher et al.;19 AgraFNP 60 

Agrochemicals 
fungicide  g/Mg of crop  5.0  0.01  USDA;48 Seabra et al. 62 
herbicide  g/Mg of crop  44  44  USDA;48 AgraFNP 60 
insecticide  g/Mg of crop  4.9  0.27  USDA;48 AgraFNP 60 

Energy use at farma  MJ/Mg of crop  233  150  Gallagher et al.;19 AgraFNP 60 
diesel  %  62.8  38.3 
gasoline  %  22.4  12.3 
LPG  %  3.96  18.8 
natural gas  %  3.42  21.5 
electricity  %  7.38  9.10 

Water consumption in crop productionb 
blue water  m3/Mg of crop  29  4  estimated in this study 
green water  m3/Mg of crop  387  101  estimated in this study 

Labor  h/Mg of crop  0.24  0.17  Klein et al.;63 AgraFNP 60 
Crop transport to  km/Mg of crop  29  19  Gallagher et al.;19  
   ethanol plant        default value from GREET 
Ethanol Production 
   ethanol yield  L/Mg of crop  425  86  RFA;57 Macedo et al. 27 

Inputs in Ethanol Processing 
energy use  MJ/L of ethanol  7.49  0.27  RFA;57 Macedo et al. 27 
blue water  L/L of ethanol  2.7  19.5  RFA;64 Tsiropoulos et al. 65 
   consumption  

Coproducts 
DGS yieldc  kg (DM basis)/L  0.67   default GREET model value  
    of ethanol 
corn distillers oil  kg/L of ethanol  0.03   RFA 57 
biogenic CO2  kg/L of ethanol  0.71   RFA 57 
electricity yield  MJ/L of ethanol   3.0  Macedo et al. 27 

a. The share of different forms of energy input for sugar cane are the default GREET values. 
b. See Section 2.4. 
c. Distillers grains and solubles (DGS) yields are based on the default GREET model displacement ratio 

(78.1% corn, 30.7% soybean meal, and 2.27% urea). 
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2.5. Energy and Carbon Footprints of Bioethanol Production from 
Corn and Sugar Cane
To estimate the energy and carbon footprints of bioethanol from U.S. corn 
and Brazilian sugar cane, the GREET (Greenhouse gases, Regulated Emis-
sions, and Energy use in Transportation) model developed by Argonne Na-
tional Laboratory11 was used. The energy footprint of bioethanol is the sum 
of the fossil energy inputs in the different steps of the production chain mi-
nus the energy footprint allocated to coproducts (EFcp): 

EFeth = EFd,farm + EFi,farm + EFd,proc + EFi,proc − EFcp                         (2) 

where EFd,farm and EFi,farm are the direct and indirect energy inputs in crop pro-
duction, respectively, and EFd,proc and EFi,proc are the direct and indirect energy 
inputs in bioethanol processing. Each component is expressed in MJ/L of 
bioethanol. The direct energy use in crop production refers to the direct use 
of diesel, natural gas, and electricity in farming, related to pumping of wa-
ter, application of fertilizer and other agrochemicals, harvesting, and trans-
port of inputs and outputs (Table 1). The indirect energy use in crop produc-
tion refers to the energy used in the production of inputs such as fertilizer, 
agrochemicals, and machinery (tractors, combine harvesters, and sprayers). 

Table 2. Water Footprints of the Inputs to Bioethanol Production 

inputs  unit       water footprint (L/unit)  references 

Fertilizer 
nitrogen  g  1591  Sheehan et al.66 
phosphate  g  452  Sheehan et al.66 
potash  g  2.4  Sheehan et al.66 
limestone  kg  83  University of Tennessee Center   
    for Clean Products67 

Agrochemicalsa 
herbicide  kg  2.93  Sheehan et al.66 
insecticide  kg  2.93  Sheehan et al.66 

Energy use at farm 
diesel  L  2.20  King and Webber36 
gasoline  L  2.17  King and Webber36 
LPG  kg  2.50  Francke and Castro68 
natural gas  kg  0.105  Mekonnen et al.69 
electricityb  kWh  6.71 (58)  Mekonnen et al.69 

a. Assumed equal to fungicide (the biocidal chemical compounds used to kill plant para-
sitic fungi). 

b. First value is the U.S. average and the value in bracket is the Brazil average. 
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The energy balance of bioethanol (net energy, NE, in MJ/L) was calculated 
as the difference between the energy in the final bioethanol (EOeth) and the 
energy footprint of bioethanol: 

NE = EOeth − EFeth                                            (3) 

The energy ratio estimates how much energy (in the form of bioethanol) 
is produced per unit of energy input and thus defined as 

energy ratio = EOeth                                              (4)                                                               EFeth

2.6. Allocation of Footprints to Coproducts 
The two most widely used methods for coproduct allocation or determin-
ing the coproduct energy credits are the displacement (or replacement or 
substitution) method and the allocation method based on relative prices 
or energy contents of the products and coproducts.11,18,23,70−73 The GREET 
model provides both options. For corn, the displacement method, which 
assumes that the coproduct displaces another product, primarily cattle 
feed was used. By displacing that other product, the water and energy that 
is required to produce the displaced product is saved. The water and en-
ergy footprints of producing the displaced product and the associated car-
bon footprint is allocated to the coproduct. For corn, the coproduced dis-
tillers grains and solubles (DGS) are a suitable animal feed, thus it is given 
a displacement credit as cattle feed, which in fact can be quite variable.74 
In the GREET model, the coproduct energy and carbon credits are calcu-
lated and provided as an output at the end of the simulation. For the wa-
ter footprint, the DGS credit was calculated by multiplying the volume of 
displaced products (Table 1, note c) by their respective WF. In the case of 
sugar cane, the bagasse is used to cogenerate heat and electricity, which 
displace the energy required for bioethanol production. Following Wang 
et al.,11 the energy allocation method was used to determine the coprod-
uct water and energy credits. 

Input data and model parameters are subject to uncertainties that may 
affect the reliability of the final result. Therefore, the GREET model’s Stochas-
tic tool and range of values (defined by the 10th and 90th percentile) for the 
input data provided by Wang et al.11 was used to assess the uncertainty of 
the energy and carbon footprints for both corn and sugar cane bioethanol. 
Monte Carlo sampling method with 1000 runs was used for the uncertainty 
ranges of 10th−90th percentile for all the input data. 
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3. Results 

3.1. Water Footprint
There is a significant difference in the crop yield of corn and sugar cane as 
well as in the bioethanol yield of the two crops. While sugar cane’s total wet 
yield (mass per unit area) in Brazil is on average about eight times larger 
than that of corn in the U.S.,48,54 the bioethanol output per unit of crop in-
put (L/Mg) for corn is about five times larger than that of sugar cane (Ta-
ble 1). As a result, the bioethanol yield per unit of harvested area is close to 
2-fold larger for sugar cane than for corn. 

The calculated WF of bioethanol from corn in the U.S. and sugar cane in 
Brazil is shown in Table 3. About 99% of the consumptive WF of bioethanol 
is related to the green and blue water lost through evapotranspiration dur-
ing the crop growing season. The analysis shows a clear difference in the 
WF of bioethanol from corn and sugar cane. The total consumptive (blue 
+ green) WF of sugar cane bioethanol (L water/L bioethanol) in Brazil is 2.1 
times larger than for corn bioethanol in the U.S. The smaller WF of corn bio-
ethanol per unit of ethanol compared to sugar cane bioethanol is mainly 
due to corn’s larger bioethanol yield per unit mass and the significant WF 
that is credited to the coproduct DGS. About 45% of the WF of corn bioeth-
anol is credited to the DGS that displaces corn and soybean in animal feed 
and urea in nitrogen fertilizer production. 

The WF of corn bioethanol (Table 3) is the weighted average of the nine 
major bioethanol producing states in the U.S. (Figure 1A). To understand 
the implication of crop growth on water resources, data by state are more 

Table 3. Green and blue water footprint of corn and sugarcane bioethanol 

           Water footprint (L/Mg of crop) 

Inputs  Corn in the U.S.  Sugar cane in Brazil 

 blue  green  blue  green 

seed  70  947  125  3208 
fertilizer and agrochemicals  14   1.9 
energy inputs  46   34 
limestone  3803   762 
crop water footprint  28,534  386,767  3934  100,801 
total agricultural stage  32,619  387,714  4858  103,909 

          Water Footprint (L/L of Bioethanol) 

total agricultural stage  77  913  56  1204 
bioethanol production stage  2.7   19 
total water footprint  79  913  76  1204 
water credit to coproduct  21  430  10  155 
water input allocated to bioethanol  58  483  66  1049 
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relevant than the weighted average water footprint at national level. Due 
to differences in crop yield and evapotranspiration in the nine states, the 
WF of corn bioethanol shows spatial variation. Nebraska stands out with a 
large WF, both in terms of total and blue WF, due to a relatively large crop 
water use (m3/ha) from extensive irrigation and a relatively low crop yield. 
Nebraska’s crop water use (m3/ha) was 32% larger and its corn yield in the 
period 2014−2016 was 5% lower than that of Iowa, where rainfed corn has 
the smallest consumptive WF. In Nebraska, about 65% of the corn produc-
tion comes from irrigation, which is reflected in the larger blue WF of bio-
ethanol in the state compared to others. 

In Brazil, sugar cane and bioethanol production is concentrated mainly 
in the South-Central Region, with six states of the region contributing about 
91% to sugar cane and 92% to bioethanol production in Brazil. São Paulo 
is the major producer, contributing 49% to national sugar cane bioethanol 
production, followed by Goiés, which contributes 15% of total sugar cane 

Figure 1. Green and blue WF of bioethanol from corn for the nine major bioeth-
anol producing states in the U.S. (A) and from sugar cane for the six major states 
in Brazil (B). 
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bioethanol production. There is a difference in the WF of sugar cane bio-
ethanol among states (Figure 1B). Similar to the case of corn ethanol, differ-
ences in the WFs of sugar cane bioethanol among the states are due to dif-
ferences in crop yield and evapotranspiration. Detailed result is presented 
in SI Tables S3 and S6. 

Multiplying the weighted average green and blue WF of bioethanol (Ta-
ble 3) by the national total bioethanol production in 2016 (58 million L bio-
ethanol), gives a total WF of corn bioethanol production in the U.S. of 31 bil-
lion L (89% green, 11% blue,). The analysis indicates that water consumption 

Figure 2. Energy and carbon footprint of bioethanol from corn in the U.S. (A) and 
sugar cane in Brazil (B). For the background data see Table 1 and SI Tables S4−S5, 
S7 and S8. 
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in corn production is responsible for about 99% of the total WF and could 
have a big impact on the water systems in areas where the share of blue 
WF is large and where blue water consumption has been associated with 
the overexploitation of groundwater resources.75,76 On the other hand, Ne-
braska has instituted a system of groundwater governance that has contrib-
uted to the stability of the northern High Plains aquifer in the state.75 Since 
the size and type of the WF depends on local conditions, it is important that 
future expansion of bioethanol production takes into account the impacts 
on freshwater resources and to identify areas where crop growth for bio-
fuel production may put water security at risk. Assessing the WF at higher 
temporal and spatial resolution would help to identify areas with low water 
productivity and design strategies to improve it. 

3.2. Energy Footprint
The energy footprint of bioethanol from corn in the U.S. and sugar cane in 
Brazil (Figure 2) is closely related to the carbon footprint (as discussed in 
the next section). Bioethanol production requires substantial energy in ev-
ery stage of production, from crop growth to processing the crop to bio-
ethanol. Corn production in the U.S. requires about 4-fold more energy per 
unit of corn produced compared to sugar cane production in Brazil (Figure 
2). The relatively low energy consumption in sugar cane production in Bra-
zil is due to larger labor intensity and lower fertilizer input compared to U.S. 
corn, where farming is highly mechanized and fertilizer application rates 
are relatively high. The other reason for the relatively low energy intensity 
of sugar cane production is the high cane production (in fresh weight) per 
unit of harvested area. Due to the large bioethanol yield per unit of corn 
compared to sugar cane, the total energy used at farm level per unit of bio-
ethanol produced is smaller for corn than for sugar cane. The fossil energy 
consumption per liter of bioethanol produced in a corn bioethanol plant is 
25 times larger compared to sugar cane bioethanol production (Figure 3). 
The main reason for the big difference in the energy demand between the 
two bioethanol processes is that in sugar cane bioethanol production, the 
cogenerated energy using bagasse provides all the required energy in the 
bioethanol plant, whereas in corn bioethanol production external energy is 
used to meet the energy demand, primarily via natural gas. The inventory 
of the energy input shows that, for corn bioethanol, the energy input at the 
biorefinery accounts for 77% of the total energy input while the remaining 
23% is used in corn production, harvesting, and transport. In corn farming, 
the largest share (69%) of the energy input is related to energy embedded 
in fertilizer (primarily nitrogen) and agrochemicals input, followed by direct 
energy use (diesel, LPG, natural gas, electricity) in corn cultivation and har-
vest (29%), and energy embedded in farm machineries (3%). The main rea-
son for the large energy footprint of the fertilizer in corn production is that 
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the nitrogen and phosphate fertilizer application rates per unit of corn pro-
duced in the U.S. are 6 and 19 times larger, respectively, than those in sugar 
cane production in Brazil, where the latter has some endogenous nitrogen 
capture from the atmosphere via associated microorganisms. In the case 
of sugar cane, agricultural activities (farming, harvest, and transport) ac-
count for 78% of the total energy input. At the farm level, 55% of the total 
energy input in sugar cane farming is related to the direct energy use and 
35% to fertilizer (mainly nitrogen fertilizer) and agrochemicals inputs (Fig-
ure 2). While the energy demand in the sugar cane biorefinery is largely met 
by the cogeneration system using sugar cane bagasse, in the case of corn 
there is no energy contribution from cogeneration, because corn residues 
are left on the crop field to maintain soil fertility, prevent soil erosion, and 
reduce evaporation from the soil surface, and partly used for animal feed 
and bedding; and the coproducts also provide no direct energy benefit, as 
they are used off-site. 

Figure 3 presents the energy footprint of bioethanol from corn in the 
U.S. and sugar cane in Brazil. The figure shows the breakdown of the energy 
footprint at different stages, including fertilizer production, farming, crop 
transport to the ethanol plant, ethanol production, and the energy credit to 
the coproduct DGS for corn, and the overall energy balance and the energy 

Figure 3. Energy footprint, overall energy balance, and fossil energy ratio of bio-
ethanol from U.S. corn and Brazilian sugar cane. 



Mekonnen et  al .  in  Env ironmental  Sc i ence  &  Technology  52  (2018 )        15

ratio. The energy balance is the difference between the energy in the final 
bioethanol output and the energy input in the production of bioethanol. 
Both corn and sugar cane have a positive energy balance. Bioethanol from 
sugar cane produces roughly three times more energy output per unit of 
energy input compared to that of corn. The figure also shows the uncer-
tainty ranges represented by the error bars with 10th (P10) and 90th (P90) 
percentile. Bioethanol from corn has wider uncertainty ranges compared to 
that from sugar cane, which is consistent with the result from Wang et al.11 

State-level data for the nine-major corn bioethanol producing states in 
the U.S. show that Wisconsin and South Dakota have the most positive en-
ergy balance (net energy produced per liter of bioethanol) (Figure 4). Ne-
braska and Ohio have the lowest net energy per unit of bioethanol pro-
duced. Ohio also has the lowest net energy yield per unit of area owing to 
its low corn yield in 2014−2016. The relatively low net energy per volume of 
bioethanol produced in Nebraska is mainly due to the relatively large diesel 
and electricity consumption per unit of corn produced. About two-thirds of 
the corn in Nebraska is produced in irrigated fields. The bulk of the irriga-
tion water comes from groundwater, thus requiring large amounts of energy 
for pumping the water. Iowa, which accounts for 19% of the corn and 26% 

Figure 4. Energy balance per unit bioethanol produced in the nine major bioeth-
anol producing states in the U.S. (A) and six-major bioethanol producing states in 
Brazil (B). 
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of national bioethanol production in 2016,2,48 has a relatively large positive 
energy balance and large energy output per unit of energy input, due to 
rainfed crop production and high crop yields, which confirms previous find-
ings of Liska et al.21 Iowa has some of the highest corn yields in the U.S., and 
the lowest energy input per unit of corn produced compared to the other 
states. Farmlands in Iowa heavily rely on rainfall, requiring less energy for ir-
rigation, which contributes to the low energy intensity of corn in the state. 

In Brazil, Goiás has the largest and Paraná the smallest net energy per 
unit of bioethanol produced. The relatively low net energy per unit of bio-
ethanol in Paranáis due to the relatively low sugar cane yield and relatively 
large nitrogen fertilizer input per unit of sugar cane produced. Figure 4 data 
were derived from SI Table S4 and Table S7. 

3.3. Carbon Footprint
Bioethanol production is mainly driven by its potential contribution to re-
duce GHG emissions by replacing fossil fuels, and to maintain higher crop 
prices for farmers. The computed life cycle GHG emissions from the produc-
tion of bioethanol from corn in the U.S. and sugar cane in Brazil are shown 
in Figure 5. The GHG emissions estimated here include emissions related to 
the indirect land use change (ILUC), although the estimates are very conser-
vative. In particular the error bars between the P10 and P90 are conserva-
tive because they did not capture the full extent of the uncertainty related to 
land use changes (LUC). According to USEPA,77 ILUC can contribute as much 
as 26.5 and 3.8 g CO2e MJ−1 to the total GHG emissions from corn (40%) 

Figure 5. Carbon footprint of bioethanol from corn in the U.S. and sugar cane in 
Brazil. 
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and sugar cane (14%) bioethanol, respectively, although the latter may be 
conservative.23,78 Plevin et al.78 showed that the average GHG emission from 
ILUC for both U.S. corn and Brazilian sugar cane bioethanol is 25 g CO2e 
MJ−1 and can vary within ±20 g CO2e MJ−1 around the mean. Bioethanol 
from sugar cane outperforms that of corn in terms of life cycle GHG emis-
sions. The net GHG emissions from sugar cane bioethanol are 57% of corn 
bioethanol when LUC is excluded and 86% when LUC is included. In corn 
bioethanol, the bioethanol production phase accounts for 52% of life cycle 
GHG emissions. In sugar cane bioethanol, 49% of life cycle GHGs emission 
is from sugar cane production and transport. The GHG emissions from pro-
duction of fertilizer and agrochemicals, plus the N2O conversion from nitro-
gen fertilizer account for 22% and 20% of the life cycle GHG emissions from 
sugar cane and corn bioethanol, respectively. These relatively large shares 
of life cycle GHG emissions from fertilizer, emphasize the need to properly 
manage nitrogen fertilizer use in crop production. 

The coproducts from bioethanol production replace a portion of conven-
tional fossil fuels, thus significantly reducing GHG emissions. In corn bioetha-
nol, DGS replace animal feed and about 21% of the life cycle GHG emissions 
per unit of bioethanol produced. In sugar cane bioethanol, the biorefinery 
uses cogenerated heat and electricity from bagasse, thus reducing the GHG 
emission considerably. 

4. Discussion 

The water, energy, and carbon footprints of bioethanol from corn and sugar 
cane was assessed. Although bioethanol from both corn and sugar cane 
has a positive energy balance, sugar cane bioethanol has a 1.6 times larger 
net energy output per liter compared to that of corn. Furthermore, sugar 
cane has a 2.9 times larger energy output per unit of energy input com-
pared to corn (Figure 3). Sugar cane also has a smaller GHG emission com-
pared to corn. Overall, the metrics favor sugar cane as the best option, al-
though its cultivation is limited to tropical and semitropical settings, thus 
making it unsuitable for the environmental conditions in the U.S. (except 
Florida and southern U.S.); but a serious downside risk for sugar cane is its 
probable negative impacts on tropical biodiversity.79 The U.S. climatic con-
ditions are more suitable for corn. As shown earlier, there is a clear differ-
ence in the water and energy intensity of corn and sugar cane bioethanol 
among the different states. In case of further industry expansion, support-
ing bioethanol production areas with smaller water and energy footprints 
while also working to reduce the water and energy footprints in those ar-
eas where the footprints are large, could enhance the overall environmen-
tal performance of bioethanol. 
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The results show that the agricultural stage contributes a major share 
in bioethanol’s total water footprint (nearly 100% for both corn and sugar 
cane), energy footprint (18% for corn and 78% for sugar cane), and carbon 
footprint (30% for corn and 46% for sugar cane), suggesting that signifi-
cant improvement in the environmental performance of bioethanol from 
corn and sugar cane can be achieved if policies are targeted at reducing 
the environmental footprints in the agricultural stage. In particular, the ma-
jor contribution of nitrogen fertilizer to the total energy and carbon foot-
prints emphasizes the need for reducing nitrogen fertilizer use in crop pro-
duction. Improved agricultural practices such as conservation tillage, use of 
cover crops, recycling crop residues in the field, and intercropping with le-
guminous (N fixing) crops will reduce both the energy and carbon footprints 
of crop production.21,80−84 

As this and other recent works11,12,21 show, corn-ethanol has a positive en-
ergy balance and lower GHG emission compared to gasoline. However, the 
growing production of biofuel crops has increased pressure on limited wa-
ter resources. Irrigated corn in particular increases the competition for wa-
ter with other irrigated crops and economic sectors, which is highly relevant 
in states where irrigated corn contributes to the depletion of the central and 
southern High Plains aquifer.75,76 Therefore, the potential impact of biofuel 
mandates on water resources needs to be evaluated to minimize the de-
gree to which biofuels will contribute to water depletion and pollution. Bio-
ethanol will also have to be evaluated against alternative renewable forms 
of energy, like solar and wind energy, which have a much smaller WF than 
biofuels69 and a more favorable energy balance as well,85 and which can be 
used in electrified transport or used to produce hydrogen-fuel. 

By estimating footprints at state level, the current study shows differ-
ences in the regional water and energy footprints of bioethanol from corn 
and sugar cane. This demonstrates the importance of and need for higher-
resolution spatial analysis of the different footprints in order to get a clearer 
picture of the sustainability metrics of bioethanol production for increased 
regional optimization. Identifying areas that are at risk of water scarcity and 
groundwater depletion require high spatial and temporal assessment of the 
WF of crop production. In addition, even when corn for bioethanol is pro-
duced in parts of the U.S. with higher rainfall, there will remain the issue 
that the land and water resources used could alternatively be used for food 
production. The current study has focused on consumptive water use while 
nutrient loads from agriculture and biorefineries could have significant im-
pacts on water quality as well. Thus, future researches need to assess the 
water quality implications of biofuels production. 

The results from the current study are compared with earlier studies (Ta-
ble 4). The data for the current study were derived from Tables 3, and Figures 
3 and 5. The estimated energy balances and GHG emissions in the current 
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study are very close to the values found in previous literature. The energy 
balance of corn in the current study (11.2 MJ/L) is very close to the values 
from Wang et al.11 and Gallagher et al.19 This is to be expected as these stud-
ies used the same method (GREET model) and similar input data. For sugar 
cane, the value from the current study is within the range of values found in 
previous literature. For GHG emissions, the value for corn bioethanol is on 
the low side compared to the values found previously.11,21 The difference lies 
mainly in the estimated N2O emissions related to fertilizer and biomass re-
maining on the field. The water footprint estimates in the current study are 
smaller than those found in the earlier studies. The values presented by Chiu 
et al.33 and Liu et al.86 refer to applied irrigation depth and not the actual blue 
water footprint, which explains their high values. In addition, both studies 
did not account for coproduct credits, thus overestimating the blue WF of 
the bioethanol. The study by Mekonnen and Hoekstra41 also did not account 
for coproduct credit, thus allocating the full WF to the bioethanol. The wide 
variation of the energy balance, GHG emissions, and blue water footprint of 
corn bioethanol from the different studies illustrates their different assump-
tion and system boundaries.18 

The environmental footprints of both corn and sugar cane bioethanol 
are subject to significant uncertainties. The error bars between P10 and P90 
are larger for corn, showing corn bioethanol values have larger uncertainty 
than those for sugar cane. This is consistent with the finding of Wang et 
al.11 Since the uncertainty ranges do not include the uncertainty in the ILUC 

Table 4. Summary and comparison of the energy balance, ghg emissions, and blue water 
footprint from the current study and earlier studies 

 Energy balance  GHG emission   blue water  
 (MJ/L)     (CO2e/MJ)   footprint (L/L) 

 corn  sugar  corn  sugar  corn  sugar  
  cane   cane   cane 

Macedo et al.27   22.6   10.0 
Liska et al.21    42.0 
Seabra et al.62     18.7 
Wang et al.11a  10.1  16.4  49.0  17.0 
Gallagher et al.19 11.4 
Manochio et al.58  4.71  21.7   12.4 
Chiu et al.33b      109 
Liu et al.86b      95 
Mekonnen and Hoekstra41b      91  127 
current study  11.2  17.7  39.2  22.5  58  66 

a. Total emissions minus emissions from land use change, bioethanol transport, distribution, 
and combustion. 

b. The average of the nine states in the U.S. for corn and six states in Brazil for sugar cane 
shown in Figure 1. 
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emissions, the estimated uncertainties are very conservative.23,78 The uncer-
tainty in the water footprint of crops can vary within ±30%87 largely due to 
the uncertainty in precipitation and reference evapotranspiration. Different 
assumptions related to parameters and input data used will determine the 
reliability of the result of the environmental footprints of bioethanol from 
both corn and sugar cane. In particular, coproduct allocation, nitrogen fer-
tilizer N2O conversion rates, and ILUC will have relatively large effect on the 
final result.11,21 Therefore, these parameters should be the focal point of fu-
ture research in order to reduce the uncertainty. 

A number of strategies exist to reduce the environmental footprint of 
bioethanol. Most of the efforts to date focus on increases in the productiv-
ity of crop production, biomass-to-ethanol conversion efficiency, and the 
energy efficiency of the different inputs. Efficient application and manage-
ment of nitrogen fertilizers could significantly reduce GHG emissions per unit 
of energy produced, and reduce water pollution simultaneously.88,89 Grow-
ing concerns around bioethanol have also raised attention to the potential 
use of second-generation biofuels, which are believed to provide significant 
GHG emissions reductions, and potentially reduce the competition with food 
crops for the available land and water. However, the high cost of second-
generation biofuel biorefineries could be a barrier for its expansion.90 In ad-
dition, expansion of second-generation biofuels may still put extra pressure 
on the freshwater resources, especially in water-stressed countries. The use 
of crop residues could help to reduce the total WF, but may also increase 
GHG emissions per unit energy.91 

Biofuel targets are mainly developed as a means to reduce GHG emis-
sions and secure domestic energy supply but rarely account for the unin-
tended impacts on the limited freshwater resources. Expanded production 
of biofuel to meet national goals could adversely impact regional and local 
water resources, both quantitatively and qualitatively. Various studies have 
shown that increasing biofuel volumes in the transport sector will inevitably 
result in larger land and water footprints.35,38,46 The question is thus not only 
what feedstock can best be used in biofuel production, but also to which ex-
tent policies promoting biofuels need to take into account the social, eco-
nomic, and environmental tradeoffs. From a perspective of using our limited 
water resources sustainably, it is vitally important to take into consideration 
the water implications when developing biofuel policies. 
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Table S1. Inputs in the production of ethanol from corn in the main 9 states  (2014-2016 average)

Inputs Unit Illinois Indiana Iowa Michigan Minnesota Nebraska Ohio
South 

Dakota
Wisconsin

weighted 
avg.

Seed kg/Mg of corn 2.38 2.72 2.43 2.67 2.52 2.07 2.76 2.47 2.61 2.45

Fertilizer

Nitrogen kg/Mg of corn 7.58 7.12 7.90 5.58 7.72 5.78 7.56 8.02 5.21 7.22

Phosphate kg/Mg of corn 8.01 5.86 6.40 4.07 5.33 3.26 6.74 4.87 3.17 5.74

Potash kg/Mg of corn 9.83 10.41 7.99 7.81 7.32 1.73 10.03 4.58 5.43 7.26

Sulfur kg/Mg of corn 1.92 1.15 1.50 1.17 1.59 1.09 1.48 1.32 1.45 1.48

Agrochemicals

Fungicide kg/Mg of corn 0.006 0.006 0.006 0.011 0.000 0.011 0.006 0.000 0.000 0.005

Herbicide kg/Mg of corn 0.038 0.058 0.040 0.055 0.046 0.044 0.055 0.053 0.051 0.045

Insecticide kg/Mg of corn 0.005 0.035 0.005 0.080 0.048 0.007 0.074 0.063 0.030 0.024

Energy inputs

Diesel L/Mg of corn 3.56 3.81 2.96 3.51 3.50 8.21 3.44 2.72 3.71 4.08

Gasoline L/Mg of corn 1.41 2.03 1.39 2.13 1.56 1.84 2.06 1.67 1.46 1.62

LPG kg/Mg of corn 0.77 0.54 0.55 0.92 1.17 0.56 1.55 0.77 0.86 0.76

Natural gas kg/Mg of corn 0.09 0.21 0.05 0.61 0.05 0.39 0.44 0.00 0.32 0.17

Electricity kWh/Mg of corn 1.07 0.84 1.61 1.09 1.07 23.60 1.92 2.06 0.77 4.70

Limestone kg/Mg of corn 67.41 85.81 42.99 62.48 39.84 19.77 59.18 0.00 73.08 47.37

Seed rate, fertilizer and agrochemicals input are from USDA1 , Energy, limestone inputs, and crop transport based on Gallagher et al2

Table S2. Inputs in the production of bioethanol from sugarcane in the main 6 states  (2014-2016 average)

Inputs Unit Goiás
Mato 

Grosso
Minas 

Gerais
Paraná

Mato 
Grosso do 

Sul
São Paulo weighted avg.

Seed kg/Mg of sugarcane 31.86 31.86 31.86 31.86 31.86 31.86 31.86 Assumed same rate

Fertilizer

Nitrogen kg/Mg of sugarcane 1.14 1.14 1.22 1.52 1.14 1.22 1.10

Phosphate kg/Mg of sugarcane 0.34 0.34 0.33 0.26 0.34 0.33 0.29

Potash kg/Mg of sugarcane 1.56 1.56 1.42 1.36 1.56 1.42 1.32

Agrochemicalsb

Fungicide g/Mg of sugarcane 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Herbicide g/Mg of sugarcane 17.70 22.21 19.57 20.30 18.26 19.93 19.61

Insecticide g/Mg of sugarcane 0.30 0.24 0.28 0.27 0.30 0.27 0.27

Energy inputsb

Diesel MJ/Mg of sugarcane 47.2 59.2 52.2 54.1 49.6 53.2 53.9

Gasoline MJ/Mg of sugarcane 15.2 19.0 16.8 17.4 15.9 17.1 17.3

LPG MJ/Mg of sugarcane 23.2 29.1 25.6 26.6 24.3 26.1 26.5

Natural gas MJ/Mg of sugarcane 26.5 33.3 29.3 30.4 27.8 29.8 30.3

Electricity MJ/Mg of sugarcane 11.2 14.1 12.4 12.9 11.8 12.6 12.8

Limestone kg/Mg of sugarcane 8.24 10.34 9.12 9.45 8.50 9.28 9.13
a FAO3 provide fertilizer application (kg/ha) per major regions  for around 2003. This value was updated using average value from Table 1 to be consistent with 2014-2016 value.  
b Values derived by combining average values given in Table 1 with state level yield. the assumption here is that appliction per ha is the same in every state!

Derived by combining value from 
Table 1 and crop yield

Note

Agrochemicals per state derived 
from the average application in 
Table 1 and sugarcane yield per 
state

Fertilizer derived by combining regional 

data from FAO3 a, state level yield from 

UNICA4 , and average application rate 
from  Table 1  

Total energy from AgraFNP5 

combined with GREET model 
default energy share. State level 
energy derived by combining 
average energy from Table 1 and 
state level sugarcane yield
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Table S3. Blue and green water footprint of ethanol production from corn in the main 9 states  (2014-2016 average)

Inputs Illinois Indiana Iowa Michigan Minnesota Nebraska Ohio
South 

Dakota
Wisconsin

weighted 
avg.

Fertilizer

Nitrogen 12.07 11.32 12.57 8.88 12.28 9.20 12.03 12.76 8.29 11.48

Phosphate 3.62 2.65 2.89 1.84 2.41 1.47 3.05 2.20 1.43 2.60

Potash 0.02 0.03 0.02 0.02 0.02 0.00 0.02 0.01 0.01 0.02

Sulfur 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Agrochemicals

Fungicide 0.02 0.02 0.02 0.03 0.00 0.03 0.02 0.00 0.00 0.02

Herbicide 0.11 0.17 0.12 0.16 0.13 0.13 0.16 0.15 0.15 0.13

Insecticide 0.01 0.10 0.01 0.24 0.14 0.02 0.22 0.18 0.09 0.07

Energy inputs

Diesel 7.84 8.38 6.50 7.72 7.70 18.06 7.57 5.99 8.17 8.98

Gasoline 3.05 4.42 3.01 4.63 3.39 3.99 4.47 3.63 3.17 3.51

LPG 1.91 1.36 1.36 2.29 2.91 1.40 3.88 1.91 2.15 1.91

Natural gas 0.01 0.02 0.00 0.06 0.01 0.04 0.05 0.00 0.03 0.02

Electricity 7.16 5.65 10.80 7.30 7.16 158.32 12.91 13.83 5.17 31.55

Limestone 5627 7163 3589 5216 3325 1650 4940 0 6100 3954

Seed 8.09 14.71 2.66 34.34 8.21 345.19 0.47 28.79 7.65 69.88

Crop blue water footprint 3394 5409 1093 12857 3253 166458 169 11641 2932 28534

Total (L/Mg of corn) 9065 12621 4722 18140 6622 168646 5154 11711 9069 32619

Blue WF (L/L ethanol) (L/L of ethanol) 21.34 29.71 11.12 42.71 15.59 397.05 12.13 27.57 21.35 76.80

Water input in ethanol plant 2.70 2.70 2.70 2.70 2.70 2.70 2.70 2.70 2.70 2.70

Total blue WF 24.04 32.41 13.82 45.41 18.29 399.75 14.83 30.27 24.05 79.50

WF credit to co-product 6.50 8.76 3.73 12.27 4.94 108.04 4.01 8.18 6.50 21.49

WF allocated to Ethanol 17.54 23.65 10.08 33.13 13.35 291.71 10.82 22.09 17.55 58.01

Green WF (L/t corn) Seed green WF 870 1137 888 1160 986 802 1236 1003 1024 947

Crop green WF 364893 418158 365214 434510 390779 386972 447048 405804 392490 386767

Total 365763 419295 366102 435670 391765 387774 448283 406808 393514 387714

Green WF (L/L ethanol) Total green WF 861 987 862 1026 922 913 1055 958 926 913

Water credit to co-product 405 465 406 483 434 430 497 451 436 430

Allocated to ethanol 456 523 456 543 488 483 559 507 491 483

Total WF (L/L ethanol) Green + blue WF 885 1020 876 1071 941 1313 1070 988 951 992

Credit to co-product 412 473 409 495 439 538 501 459 442 451

WF of ethanol 473 546 466 576 502 775 570 529 508 541

Blue water footprint (L/Mg of 
corn)
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Table S4. Energy footprint of US corn bioethanol per state (kJ/L) (2014-2016 average)

Inputs Illinois Indiana Iowa Michigan Minnesota Nebraska Ohio
South 

Dakota
Wisconsin

weighted 
avg.

Fertilizer Nitrogen 1112 1019 1112 800 1112 829 1112 1112 748 1019

Phosphoric Acid (P2O5) 391 286 312 199 260 159 329 238 155 280

Potassium Oxide 180 191 146 143 134 32 184 84 99 133

Calcium Carbonate (CaCO3) 22 28 14 20 13 6 19 0 24 15

Herbicides 23 35 24 33 28 26 33 32 31 27

Insecticides 3 25 3 57 34 5 53 45 0 17

Farming Diesel for non Road application 361 386 300 356 355 833 349 277 377 414

Gasoline blendstock 133 193 132 202 148 175 195 159 139 154

Natural gas 11 26 6 75 6 48 54 0 39 21

Liquified Petroleum Gas 25 18 18 30 38 18 51 25 28 25

Electricity 16 13 25 17 16 361 29 32 12 72

Corn transport to ethanol plant 598 556 487 606 530 539 607 505 547 534

Energy input in Ethanol plant 9239 9239 9239 9239 9239 9239 9240 9239 9239 9239

Total energy input 12116 12014 11818 11778 11914 12271 12253 11746 11437 11951

Energy credit to co-product 1865 1847 1808 1795 1824 1905 1895 1796 1723 1837

Net energy input 10251 10167 10010 9984 10090 10366 10358 9950 9714 10114
Energy output in the form of 
ethanol 21274 21274 21274 21274 21274 21274 21274 21274 21274 21274

Energy balance 11023 11107 11264 11290 11184 10908 10916 11324 11560 11160

Energy Ratio 2.08 2.09 2.13 2.13 2.11 2.05 2.05 2.14 2.19 2.10

Summerized from GREET model run

Table S5. Carbon footprint of US corn bioethanol per input and per state (g CO2eq/MJ) (2014-2016 average)

Inputs Illinois Indiana Iowa Michigan Minnesota Nebraska Ohio
South 

Dakota
Wisconsin

weighted 
avg.

Fertilizer Nitrogen 9.32 8.71 9.71 6.88 9.49 7.10 9.32 9.88 6.40 8.88
Phosphoric Acid (P2O5) 1.31 0.96 1.05 0.65 0.87 0.52 1.09 0.78 0.52 0.91

Potassium Oxide 0.65 0.70 0.52 0.52 0.48 0.12 0.65 0.31 0.36 0.48
Calcium Carbonate (CaCO3) 1.70 2.18 1.09 1.57 1.00 0.48 1.48 1.00 1.83 1.18

Herbicides 0.09 0.13 0.09 0.12 0.10 0.10 0.12 0.12 0.11 0.10

Insecticides 0.01 0.09 0.01 0.20 0.12 0.02 0.19 0.16 0.00 0.06

Farming Diesel for non Road application 1.31 1.39 1.09 1.31 1.31 3.00 1.26 1.00 1.35 1.52

Gasoline blendstock 0.48 0.70 0.48 0.74 0.52 0.61 0.70 0.57 0.48 0.57

Natural gas 0.04 0.09 0.02 0.25 0.02 0.16 0.18 0.00 0.13 0.07

Liquified Petroleum Gas 0.08 0.06 0.06 0.10 0.13 0.06 0.17 0.08 0.09 0.08

Electricity 0.06 0.05 0.10 0.07 0.06 1.44 0.12 0.12 0.05 0.28
N2O emission 3.15 3.15 3.15 3.15 3.15 3.15 3.15 3.15 3.15 3.15

Corn transport 2.15 2.01 1.77 2.21 1.91 1.96 2.21 1.82 1.98 1.94

Ethanol production 29.88 29.88 29.88 29.88 29.88 29.88 29.88 29.88 29.87 29.88

Land use change 7.88 7.88 7.88 7.88 7.88 7.88 7.88 7.88 7.88 7.88

Credit to DGS (Displaced Resources)-12.45 -12.32 -12.08 -11.83 -12.08 -12.08 -12.45 -11.83 -11.58 -12.08

Total emission 45.7 45.6 44.8 43.7 44.8 44.4 45.9 44.9 42.6 44.9

Summerized from GREET model run
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Table S6. Blue and green water footprint of bioethanol production from Brazilian sugarcane in the main 6 states  (2014-2016 average)

Inputs Goiás
Mato 

Grosso
Minas 

Gerais
Paraná

Mato 
Grosso do 

Sul
São Paulo weighted avg.

Fertilizer

Nitrogen 1.81 1.81 1.94 2.42 1.81 1.94 1.75

Phosphate 0.16 0.16 0.15 0.12 0.16 0.15 0.13

Potash 0.004 0.004 0.003 0.003 0.004 0.003 0.003

Agrochemicals

Herbicide 0.052 0.065 0.057 0.059 0.053 0.058 0.057

Insecticide 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Energy inputs

Diesel 2.99 3.75 3.31 3.43 3.08 3.37 3.31

Gasoline 1.05 1.31 1.16 1.20 1.08 1.18 1.16

LPG 4.94 6.20 5.47 5.67 5.10 5.57 5.48

Natural gas 0.06 0.08 0.07 0.07 0.06 0.07 0.07

Electricity 21.55 27.04 23.83 24.71 22.23 24.26 23.86

Limestone 688 863 761 789 710 775 762

Seed 263 8 148 23 232 100 125

Crop blue water footprint 8269 247 4654 725 7291 3132 3934

Total (L/Mg of sugarcane) 9259 1167 5606 1582 8274 4050 4865

Blue WF (L/L ethanol) (L/L of ethanol) 107 14 65 18 96 47 56

Water input in ethanol plant 19 19 19 19 19 19 19

Total blue WF 127 33 84 38 115 66 76

WF credit to co-product 16 4 11 5 15 9 10

WF allocated to Ethanol 110 29 74 33 101 58 66

Green WF (L/Mg sugarcane) Seed green WF 2610 3646 2804 3996 3687 3216 3208

Crop green WF 81927 114461 88020 125446 115719 100951 100701

Total 84537 118107 90824 129442 119406 104167 103909

Green WF (L/L ethanol) Total green WF 980 1369 1052 1500 1384 1207 1204

Water credit to co-product 126 176 135 193 178 155 155

Allocated to ethanol 854 1193 917 1307 1206 1052 1049

Total WF (L/L ethanol) Green + blue WF 1106 1402 1137 1538 1499 1273 1280

Credit to co-product 142 180 146 198 193 164 165

WF of ethanol 964 1221 991 1340 1306 1110 1115

Blue water footprint (L/Mg of 
sugarcane)
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Table S7. Energy footprint of Brazilian sugarcane bioethanol per state  (kJ/L)

Item
Goiás

Mato 
Grosso

Minas 
Gerais

Paraná
Mato 

Grosso do 
Sul

São Paulo weighted avg.

Fertilizer Nitrogen 802 802 860 1081 802 860 779
Phosphoric Acid (P2O5) 30 35 33 26 35 33 30

Potassium Oxide 80 95 86 82 95 86 80
Calcium Carbonate (CaCO3) 25 27 24 25 23 24 25

Herbicides 49 54 47 49 44 47 49

Insecticides 0.77 0.72 0.80 0.77 0.86 0.80 0.77

Farming Diesel for non Road application 756 826 733 756 698 744 756

Gasoline blendstock 244 279 244 256 233 244 244

Natural gas 384 430 372 395 360 384 384

Liquified Petroleum Gas 349 384 337 349 326 337 349

Electricity 67 74 65 67 62 66 67

Transport Cane transport 404 404 404 404 404 405 404

Ethanol plant Ethanol production 373 373 374 374 373 373 373

Total Total energy input 3541 3784 3580 3866 3456 3605 3541

Energy output in the form of ethanol21274 21274 21274 21274 21274 21274 21274

Energy balance 17733 17490 17694 17408 17818 17669 17733

Energy Ratio 6.01 5.62 5.94 5.50 6.16 5.90 6.01

Summerized from GREET model run

Table S8. Carbon footprint of Brazilian sugarcane bioethanol per state (g CO2eq/MJ) (2014-2016 average)

Item
Goiás

Mato 
Grosso

Minas 
Gerais

Paraná
Mato 

Grosso do 
Sul

São Paulo weighted avg.

Fertilizer Nitrogen 6.8 6.8 7.3 9.1 6.8 7.3 6.6
Phosphoric Acid (P2O5) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Potassium Oxide 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Calcium Carbonate (CaCO3) 1.0 1.3 1.1 1.2 1.1 1.2 1.2

Herbicides 0.1 0.2 0.2 0.2 0.2 0.2 0.2

Insecticides 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Farming Diesel for non Road application 2.4 3.0 2.7 2.7 2.5 2.7 2.7

Gasoline blendstock 0.8 1.0 0.9 0.9 0.8 0.9 0.9

Natural gas 1.1 1.4 1.3 1.3 1.2 1.3 1.3

Liquified Petroleum Gas 1.0 1.3 1.1 1.2 1.1 1.1 1.1

Electricity 0.2 0.3 0.2 0.2 0.2 0.2 0.2

Straw burning 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Vinasse transportation 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Above/below ground N2O 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cane transport 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Ethanol production 3.5 3.5 3.5 3.5 3.5 3.5 3.5

Land use change 16.0 16.0 16.0 16.0 16.0 16.0 16.0

Total emission 37.9 39.6 39.0 41.1 38.2 39.2 38.5

Summerized from GREET model run
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