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ABSTRACT: This work assessed the environmental impacts
of the production and use of 1 MJ of hydrous ethanol (E100)
in Brazil in prospective scenarios (2020−2030), considering
the deployment of technologies currently under development
and better agricultural practices. The life cycle assessment
technique was employed using the CML method for the life
cycle impact assessment and the Monte Carlo method for the
uncertainty analysis. Abiotic depletion, global warming, human
toxicity, ecotoxicity, photochemical oxidation, acidification,
and eutrophication were the environmental impacts categories
analyzed. Results indicate that the proposed improvements
(especially no-til farming−scenarios s2 and s4) would lead to environmental benefits in prospective scenarios compared to the
current ethanol production (scenario s0). Combined first and second generation ethanol production (scenarios s3 and s4) would
require less agricultural land but would not perform better than the projected first generation ethanol, although the uncertainties
are relatively high. The best use of 1 ha of sugar cane was also assessed, considering the displacement of the conventional
products by ethanol and electricity. No-til practices combined with the production of first generation ethanol and electricity
(scenario s2) would lead to the largest mitigation effects for global warming and abiotic depletion. For the remaining categories,
emissions would not be mitigated with the utilization of the sugar cane products. However, this conclusion is sensitive to the
displaced electricity sources.

■ INTRODUCTION

Bioethanol production has increased worldwide pushed by the
need to displace fossil fuels and reduce the emissions of
Greenhouse Gases (GHG). In Europe and US, relevant rules
were adopted to foster the sustainable use of biofuels,1,2

although there are concerns about the possible negative impacts
of these mandates on the global ethanol market.3 Despite the
methodological differences,4 both regulations indicate that first
generation sugar cane ethanol has a substantial potential to
mitigate GHG emissions. Additionally, if managed sustainably,
biofuels can help to solve pressing environmental, social, and
economic problems. In this sense, cellulosic biofuels and
sustainable agriculture are quoted among the long-term “win-
win” opportunities for biofuels.5

In face of the vast availability of sugar cane residues,6

investments on research and development of ethanol from
lignocellulosic materials compose the Brazilian efforts to
improve the environmental performance of sugar cane ethanol.
More specifically, the creation of the Brazilian Bioethanol
Science and Technology Laboratory (CTBE) reflects the

government support for the development of agricultural and
conversion technologies aimed at the sustainable expansion of
ethanol production in the country.7,8

Some studies have already been published providing
information about the projected environmental and economic
performance of ethanol production from sugar cane residues in
Brazil considering different technological configurations and
assumptions.9−14 In spite of the relative agreement on the
economics, results concerning environmental aspects (GHG
emissions) can be controversial, depending on the functional
unit adopted and other methodological choices.9,10 A
technoeconomic evaluation favored the biochemical conversion
when compared to the thermochemical conversion of bagasse
to ethanol,11 while another study indicated the importance of
the integration of second generation (biochemical route) into
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an optimized first generation plant to increase process
feasibility, since part of the infrastructure could be shared and
bagasse is already available in the plant.12 The second
generation technology can also benefit from thermal and
water integration, with positive implications for the payback
time when integrated with sugar production.13

Besides the development of second generation ethanol,
improvements in the sugar cane cultivation are expected as well.
Minimum tillage practices, for instance, have already been
introduced in some sugar cane areas, and no-til farming is
expected to be in place in the medium-long-term. In this
context, CTBE is developing a controlled traffic structure
(ETC) to reduce soil compaction and hence reduce the
number of required operations for soil preparation and facilitate
the introduction of the no-til farming.8 Even without
considering the use of ETC, Bordonal et al.15 already indicate
a better performance of the first generation ethanol when
minimum tillage practices are used.
These developments are expected to favor the sustainability

of sugar cane ethanol, but their environmental benefits are not
clear yet. Analyses are thus required to evaluate the
environmental gains of the adoption of advanced cultivation
practices and conversion technologies (such as ETC and sugar
cane residues-to-ethanol) in face of the alternative uses of sugar
cane biomass and the incremental developments expected in
sugar cane production in the future.
Assuming that such technologies could improve ethanol’s

environmental profile, this work assessed the environmental
impacts of the production and use of 1 MJ of hydrous ethanol
in Brazil in prospective scenarios. Comparisons were carried
out considering as reference the current life cycle performance
of Brazilian sugar cane ethanol and fossil gasoline. In addition
to ethanol’s life cycle profile, the net environmental benefits of
each scenario were also evaluated considering the displacement
of the equivalent fossil alternatives of sugar cane bioenergy, i.e.
gasoline as a transportation fuel and natural-gas-powered
thermoelectricity.
The analysis employed the Life Cycle Assessment (LCA)

technique considering eight environmental impacts categories:
abiotic resource depletion, global warming, photochemical
oxidation, human toxicity, freshwater aquatic ecotoxicity,
terrestrial ecotoxicity, acidification, and eutrophication. Land-
use requirements for ethanol production were estimated and
briefly discussed. Given the uncertainties associated with the
projected conditions, an uncertainty analysis was conducted
based on the Monte Carlo method. This analysis is expected to
support decisions about the best utilization of biomass
resources for the maximization of environmental gains.

■ MATERIALS AND METHODS
Life Cycle Assessment. The study used the Life Cycle

Assessment (LCA) technique to evaluate the ethanol environ-
mental profile for each scenario, considering an attributional
well-to-wheels approach. The CML version 3.9, a problem
oriented approach, was the method employed in the Life Cycle
Impact Assessment (LCIA),16,17 covering eight environmental
impact categories: abiotic resource depletion (fossil fuels),
global warming, photochemical oxidation, human toxicity,
freshwater aquatic ecotoxicity, terrestrial ecotoxicity, acid-
ification, and eutrophication. These categories embrace the
main emissions in the ethanol life cycle. The CMLCA
software18 was used to create and link the life cycle processes
and to assist in the interpretation phase, including the

development of the contribution and uncertainty analyses.
The functional unit for the comparative LCAs was 1 MJ of
hydrous ethanol, and the allocation method was based on
partitioning using energy flows.
In addition to the ethanol’s life cycle profile, the best use of 1

ha of sugar cane was also assessed. In this case, the study
compared the net environmental benefits of each scenario,
taking into consideration the displacement of the conventional
products: gasoline and thermoelectricity produced in a natural
gas power plant.
The gasoline life cycle inventory was assembled using

representative parameters of the Brazilian conditions,19

disregarding changes in the supply chain within the time-
horizon of this analysis. With respect to the electricity
generation in natural gas-fired power plants, the UCTE life
cycle inventory from the Ecoinvent database was used.10,20 A
sensitivity analysis was performed to show the impact of two
extreme cases, considering that the surplus electricity would
displace the average electricity mix in Brazil or electricity from
coal-fired power plants, using EcoInvent database for UCTE.20

The life cycle inventory of the average electricity was based on
an adapted process of the Ecoinvent database20 considering the
2011 mix (81.7% hydroelectricity, 6.5% biomass, 0.5% wind,
1.4% coal, 2.5% fossil oil, 4.6% natural gas, 2.7% nuclear21). For
the coal-based electricity, it was assumed the UCTE life cycle
inventory from Ecoinvent.20

Emissions and removals of biogenic carbon along the process
chain were assumed to be synchronized, so they were not taken
into account. The land use change (LUC) impacts were not the
focus of this work, but the land-use requirements for ethanol
production in each scenario were estimated and briefly
discussed. In terms of the impacts, it is worth mentioning
that the recent sugar cane expansion in Brazil has mostly
occurred over pasture land, and the overall effect may actually
be of increasing the C stocks in soil, although large
uncertainties exist because of the still lack of information on
carbon stocks.22−25

For the foreground systems, representative data of Brazilian
conditions were collected, while Ecoinvent database was used
when data was not available for the background processes. As
the analysis considered projected conditions based on the
estimations of different specialists, ranges of values were verified
and uncertainties exist. A contribution analysis was performed
as part of the interpretation phase to subsidize the uncertainty
analysis. The uncertainty assessment followed the Monte Carlo
method, using 2000 trials. The parameters for the Monte Carlo
analysis are in the Supporting Information.

Scenarios Definition and Description. Four prospective
scenarios were considered in the analysis, covering two options
for bagasse utilization and two different sugar cane production
systems, as presented in Table 1. One scenario (scenario s0)

Table 1. Description of the Prospective Scenarios

sugar cane
cultivation:
minimum
tillage

sugar cane
cultivation:
no-tillage

production of first generation ethanol from cane
juice and electricity surplus from sugar cane
residues (bagasse and straw)

scenario s1 scenario s2

combined production of first and second
generation ethanol, with reduced level of
electricity exports (surplus)

scenario s3 scenario s4
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representing the current good practices for sugar cane and
ethanol production was also analyzed in order to estimate the
environmental improvements enabled by the advanced
technologies considered in this work. This scenario assumes
the current sugar cane cultivation practices, without preharvest-
ing burning, and production of first generation ethanol from
cane juice and electricity surplus from sugar cane residues
(bagasse and straw).
Further details about the production pathways are given

below, while Figure 1 and Figure 2 show the product systems
considered.

Sugar Cane Cultivation. An important change expected in
sugar cane cultivation in the near future is the complete
elimination of the preharvesting burning practice.26 In the
unburned system, sugar cane harvesting is fully mechanized,
and a relevant amount of biomass (sugar cane straw, also called
sugar cane trash) becomes available for industrial applications.
However, it can also be left on the field aiming at the
enhancement of the soil condition, including soil protection
and maintenance of soil moisture. The amount of straw to be
left on the field and to be recovered for industrial applications
should be defined according to the soil properties of each farm,
observing the expected agricultural and industrial benefits from
biomass utilization. In this study, it was assumed for the
prospective scenarios that 50% of the straw (i.e., 70 kgdry/t
cane) would be left on the field, and the remaining 50% would
be collected for industrial use. Given that part of the residues
would remain on the field, reduced tillage practices could be
adopted.
In the scenario s0, it was assumed that all the unburned straw

is left on the field, under the conventional sugar cane
cultivation practices.27 In scenarios s1 and s3, minimum tillage
is adopted, which eliminates some operations (currently in
practice) for soil preparation due to the protection promoted
by the straw blanket. Sugar cane harvesting in these scenarios is
performed by conventional harvesters. Scenarios s2 and s4, on

the other hand, assume the implementation of the low impact
mechanization to enable the no-til farming. In this system,
sugar cane harvesting is performed by the Controlled Traffic
Structure (ETC), which is able to prevent soil compaction, thus
eliminating the need for soil preparation operations.8,28,29 This
is possible because the wheels of the equipment run along
permanent, georeferenced tracks (spaced 9 m apart). This
system reduces the traffic of agricultural implements in the cane
fields from 60% (current mechanization) to less than 10% of
the planted area.8 Due to the conservationist management
practices, the projected gains in sugar cane productivity are
expected to be higher in scenarios s2 and s4, compared to those
in scenarios s1 and s3, because ETC would be able to maintain
the productivity of the ratoon cane. In the same way, sugar cane
productivity is expected to be higher in scenarios s1 and s3,
compared to s0. In terms of sugar cane quality (sugar content),
no differences are expected between the scenarios, but a higher
Total Recoverable Sugar content is expected in the future (160
kg/t) which will allow a higher ethanol yield.
Another improvement assumed for the prospective scenarios

was the stillage concentration (1/4 of the initial volume), which
would favor the logistics of stillage distribution, allowing its
application as fertilizer in the whole sugar cane field. It was
assumed that the concentrated stillage has the same nutrients
than the conventional stillage but in a smaller water volume
(i.e., higher concentration). Stillage from second generation
ethanol, however, is assumed to be rather poor in nutrients, so
basically all nutrients available are related to the stillage
produced from sugar cane juice processing (first generation
ethanol). The environmental legislation about stillage applica-
tion on the field was observed in the calculation.30 Because of
the improved production practices and better use of the
residues from ethanol production, it is expected that sugar cane
cultivation in the future will require less mineral phosphorus
and no potassium.
As the product systems represent a future situation (2020−

2030), parameters for the foreground systems were defined
based on the opinions of experts on sugar cane production and
transportation in Brazil. These projected parameters fed
spreadsheet models (Canasoft spreadsheet model, developed
by Technological Assessment Program at CTBE) dedicated to
the estimation of the total inputs and outputs from sugar cane
production and transportation from the field to the mill for
each scenario.

Sugar Cane Transportation. The transportation of sugar
cane from the field to the mill is performed by trucks with
different payload capacities. In this work it was assumed that
100% of the sugar cane will be transported by turnpike doubles.
The uncertainty analysis takes into account the use of the other
types of trucks.

Ethanol Production. In the last decades ethanol distilleries
in Brazil have experienced a considerable improvement in terms
of the overall sugar conversion efficiency.31 For the future,
however, little room has been left for further advances. Still,
significant progress is expected regarding the energy balance of
the mill and the utilization of the sugar cane residues. Today,
ethanol production in Brazil is self-sufficient in energy as the
cogeneration plant provides all the steam and electricity
required by the process using bagasse as fuel. In addition,
many mills are already able to export electricity to the grid−e.g.,
53.2% of mills are connected to the grid in Saõ Paulo State.32

All green field (and several brown field) units are equipped with
high pressure cogeneration systems (e.g., 68 bar) enabling

Figure 1. Product system for scenarios s0, s1, and s2.
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electricity exports greater than 60 kWh/t of cane using only
bagasse as fuel, while the implementation and progress of cane
straw recovery may practically double power exports.32−34

In this study, these developments were taken into account in
all prospective scenarios. Basically, it was considered the
adoption of the following equipment/configurations: (i)
electrical engines instead of steam turbines as mechanical
drivers; (ii) juice extraction with diffusers; (iii) high pressure/
temperature cogeneration systems; (iv) stillage concentration.
Stillage concentration was carried out considering the
integration to distillation columns,35 using a series of
evaporators (multiple effect evaporation − MEE) operating
below atmospheric pressure, which allows a temperature
difference between MEE and distillation columns. In this
work, a 5-stage evaporation system was considered, as

commonly used in sugar cane mills. The low-grade heat from
the rectification column condenser, which condensates the
hydrous ethanol, was used as energy source for raising steam.
Thus, it was possible to concentrate stillage without increasing
the energy demand.
Additionally, it was considered the reduction of the process

steam consumption related to the first generation ethanol
production and the use of straw as supplementary fuel to
bagasse. For scenarios s1 and s2, these improvements lead to
lower energy consumption, higher power generation, and,
consequently, higher electricity surplus. For scenarios s3 and s4,
they allow the utilization of more bagasse for biochemical
conversion, while keeping some potential to export electricity.
In scenarios s3 and s4, the production of first and second

generation ethanol takes place in an integrated plant. As

Figure 2. Product system for scenarios s3 and s4.

Table 2. Basic Data Related to Sugarcane Production and Processing and Ethanol Distribution

scenarios

item unit s0a s1 s2 s3 s4

cane productivity t cane ha−1 83.1 110 132 110 132
straw (dry basis)b % cane stalks 14.0 14.0 14.0 14.0 14.0
sugar cane preharvesting burning % area 0.0 0.0 0.0 0.0 0.0
mechanized harvesting % area 100.0 100.0 100.0 100.0 100.0
diesel consumption L ha−1 161.4 131.0 74.7 131.0 74.7
straw sent to the mill % 0.0 50.0 50.0 50.0 50.0
sugar cane transportation by turnpike doublesc % 100.0 100.0 100.0 100.0 100.0
sugar cane TRS kg t−1 cane 140.0 160.0 160.0 160.0 160.0
ethanol yieldd kg t−1 cane 68.1 75.8 75.8 96.1 96.1
electricity surpluse kWh kg−1 EtOH 1.2 2.6 2.6 1.1 1.1
mill capacity Mt year−1 2.0 3.0 3.0 4.0 4.0
ethanol distribution−truckf % 100.0 80.0 80.0 80.0 80.0
ethanol distribution−pipeline % 0.0 20.0 20.0 20.0 20.0

aBased on ref 27. bReference 42. cDistance from the field to the mill: 25.1 km (scenario s0), 26.6 km (future scenarios). dLower heating value: 24.8
MJ EtOH-1. e3.6 MJ kWh−1. fAverage distance of 340 km.41
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illustrated in Figure 2, after the pretreatment (with steam
explosion) and the enzymatic hydrolysis, the unreacted solids
are sent to the cogeneration plant, while the hydrolyzed liquor
is mixed with the sugar cane juice. With such configuration,
concentration, fermentation, and distillation operations are
shared between first and second generation ethanol processes.12

It was assumed that both pentoses and hexoses in the
hydrolyzed liquor would be fermented into ethanol.
Data related to sugar cane processing were obtained from

simulations using Aspen Plus software,12,33 taking into account
the technological improvements described above. Data related
to enzyme production (for enzymatic hydrolysis) were
estimated from the literature.36,37 Data for sugar cane bagasse
boiler emissions was retrieved from the GREET model38 since
modern boilers assumed in this work are expected to emit less
pollutants than the current ones.39 The use of capital goods
(buildings and equipment) was estimated from an ethanol
distillery that processes 2 Mt of sugar cane per year.40 For all
cases, the lifetime of the ethanol plant was assumed to be 30
years.
Ethanol Distribution. This study assumed that ethanol

would be produced and used in Brazil. For all scenarios, it was
considered that ethanol would be distributed via pipeline and
trucks.41

Ethanol Use. It was considered the use of hydrous ethanol as
neat fuel in spark ignition engines.27

Table 2 summarizes the basic data for ethanol LCA
modeling. Parameters collected from the interviews with
specialists and those used for hydrous ethanol production
simulation are available in the Supporting Information along
with all the remaining data used for the LCA modeling.

■ RESULTS AND DISCUSSION

Sugar Cane Ethanol LCA. The comparison between the
prospective scenarios and the current scenario (s0) indicates
that the technological improvements considered here would
contribute to decrease the environmental impacts in all
categories analyzed, except photochemical oxidation in
scenarios s3 and s4. Results for each scenario, including
gasoline, are shown in Figure 3, while the complete Life Cycle
Inventories are available in the Supporting Information.
The main reasons for the environmental improvement of the

prospective scenarios in comparison to the current scenario

(s0) are (i) sugar cane cultivation practices, with higher sugar
cane productivity and lower diesel demand for agricultural
operations, as presented in Table 2; (ii) lower use of mineral
fertilizers, once prospective scenarios use stillage concentration,
allowing its application in the whole sugar cane area; (iii) lower
use of pesticides per tonne of cane, since the application per
area are expected to be maintained, along with more biological
control; (iv) higher ethanol yield, because of the expected
increase in sugar cane’s sugar content in the prospective
scenarios; (v) higher electricity surplus, because of the straw
collection for power generation.
Compared to gasoline, ethanol in all scenarios features

smaller impacts in the global impact categories abiotic depletion
and global warming. Gasoline, on the other hand, performs
better with respect to the remaining, regional impact categories
(although this cannot be extrapolated to categories other than
those studied here). In this sense, it is interesting to note the
concentrated production of large volumes of gasoline in oil
refineries compared to the scattered production of ethanol in
sugar cane mills, which could represent an environmental
concern depending on the local conditions. However, such
analysis is beyond the scope of this study, and the conclusion
also depends upon the subjective political weighting of the
different environmental problems.
Among the prospective scenarios, s2 and s4 feature the

smallest environmental impacts. This is due to the ETC use
associated with the no-tillage practices, which would enable
higher sugar cane productivities. Such results suggest the
relevance of advanced farming technologies for enhancing
ethanol’s environmental profile. The reduced use of diesel in
agricultural operations is another reason for the comparative
advantage of scenarios s2 and s4. ETC is expected to consume
less diesel than the conventional harvester in good part because
of the permanent tracks. Besides, sugar cane harvesting with
ETC would prevent some soil preparation operations before
planting. Because of these aspects, in scenarios s2 and s4, sugar
cane farming is responsible for less than one-fourth of the total
ethanol’s life cycle diesel consumption, while in scenarios s1
and s3, the diesel requirements for farming, sugar cane
transportation, and ethanol distribution are approximately the
same.
Regarding the technology for ethanol production, scenario s2

(first generation) is the most favorable and scenario s3 (second
generation) is the less favorable. Since less electricity surplus is

Figure 3. Comparative environmental impact indicators of the different scenarios (1 MJ as functional unit).
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cogenerated, higher environmental load is allocated to ethanol.
Also, inputs associated with the second generation ethanol
production contribute to the best results of first generation
ethanol. The exceptions are acidification and eutrophication,
which are smaller in scenarios s3 and s4 than, respectively, in
scenarios s1 and s2. This is due to NOx emission associated
with biomass combustion in the cogeneration plant, so these
impacts are higher in those scenarios featuring greater fuel
consumption (thus greater electricity surpluses).
The land-use requirement would be smaller in scenario s4

due to the higher sugar cane productivity and ethanol yield.
Despite the worst performance among the prospective
scenarios, scenario s1 would still be better than scenario s0
since higher sugar cane productivity is expected with the
minimum tillage practices as well as higher electricity surplus

because of the recovered straw. It is also possible to see that the
second generation technology could contribute to decrease
land use more than better practices for sugar cane production.
The contribution analysis (illustrated in the Supporting

Information) indicates that carbon dioxide emissions associated
with diesel consumption for sugar cane transportation and
ethanol distribution are the most relevant to global warming,
with significant contributions from N2O emissions related to
nitrogen fertilizers. For acidification and eutrophication,
ammonia emissions from nitrogen fertilizers are the most
relevant.
Carbofuran and diuron, used as nematicide and inseticide,

are the main contributors to human toxicity and ecotoxicity
(freshwater and soil toxicity). As indicated before, the lesser use
of pesticides per ton of sugar cane, in comparison to the

Figure 4. Uncertainty analysis. Error bars represent two standard deviations (2σ).
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conventional production, justifies the lower impacts related to
those categories. So the replacement of those chemicals
composes an important strategy for future mitigation of
ethanol’s environmental impacts.
NOx emissions associated with bagasse combustion represent

a significant portion of the impact on acidification and
eutrophication in scenarios s1 and s2. Those emissions are
smaller in scenarios where second generation ethanol is
produced (s3 and s4). It must be noted, however, that boiler
emissions were estimated based on emission factors obtained
from the literature and may not represent the reality of the
Brazilian sugar cane sector in the future (though they are lower
than to the current limits established by the Brazilian
legislation, which may be altered within the time horizon
considered in this work).
Scenarios s3 and s4 have a higher impact on photochemical

oxidation due to ethanol emissions to air related to the sugar
consumed for enzyme production. As sugar is coproduced with
ethanol in sugar cane mills, part of the ethanol emissions has
been allocated to sugar (allocation by energy content). This is a
conservative approach once there are no ethanol emissions
associated with sugar production; consequently, photochemical
oxidation results for scenarios s3 and s4 are actually
overestimated.
As shown in Figure 4, the results are relatively uncertain for

most of the impact categories analyzed, which makes the
comparative performance analysis less clear. For some
categories the average and the reference case are considerably
different. The uncertainty regarding global warming and
eutrophication is related to N2O emissions due to urea
application on the field. As pointed out before, the N2O
emissions have significant impact on global warming, and for
the reference cases the emission factor is smaller than the
average from the assumed probability density function. CO2
emissions due to diesel use for sugar cane transportation also
impact significantly global warming, and for the reference cases
the distance considered was smaller than for the average. For
human toxicity and ecotoxicity, on the other hand, the
reference cases are higher than the averages because of the
application of carbofuran and higher use of diuron.
Results for photochemical oxidation are much less uncertain

because ethanol emissions from during ethanol distillation were
not included among the random variables. It is important to
highlight that the uncertainty analysis was mostly based on

uncertain variables related to sugar cane production and
transportation, in addition to ethanol yield.

The Best Use of 1 ha of Sugar Cane. The normalized
results of the net environmental benefits considering the
displacement of conventional products by renewable products
from one hectare of sugar cane (ethanol and electricity) are
presented in Figure 5 (further details are available in the
Supporting Information). Negative values in the figure indicate
that the environmental impacts would be mitigated with the
utilization of sugar cane products.
All scenarios have potential to mitigate global warming and

abiotic depletion (fossil fuel), but scenario s2 has the highest
potential, followed by scenario s4. For the other impact
categories, however, benefits would not be verified. Scenario s1
would have lesser impacts on photochemical oxidation,
acidification, and eutrophication; on the other hand, scenario
s1 has smaller potential to mitigate abiotic depletion (fossil
fuel) and global warming than scenarios s2 and s4.
These results are sensitive not only to the environmental

profile of the sugar cane products but also to the displaced
products. The sensitivity analysis (given in the Supporting
Information) indicates that the electricity source displaced by
the electricity surplus from the mill has a major influence on the
net benefit of the scenarios. For instance, scenario s4 would
lead to greater benefits concerning abiotic depletion (fossil
fuel) and global warming instead of s2 in case national average
electricity mix was displaced. This is due to the smaller
environmental impacts associated with the average electricity
from the grid (mostly hydro) compared to electricity
generation in natural gas-fired power plants.
Regarding the other impact categories, the comparative

performance among the scenarios is not altered according to
the electricity source. However, the displacement of electricity
generation in coal-fired power plants or average mix electricity
could contribute to decrease impacts on human toxicity,
ecotoxicity, and photochemical oxidation. Impacts on acid-
ification and eutrophication are higher when average electricity
from the grid is displaced. For all categories considered, impacts
would be smaller if electricity generation in coal-fired power
plants were displaced.
Combining all these elements, it is possible to say that the

technological progress expected for the sugar cane industry will
likely improve ethanol’s environmental profile and the net
environmental benefits promoted by the sugar cane products.

Figure 5. Normalized net environmental impacts related to products from 1 ha of sugar cane.
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Ethanol would especially benefit from the proposed advances in
sugar cane farming, even more than the higher yields enabled
by the second generation technology. The industry should
therefore pursue those developments, also because they will
probably lead to economic gains in the future. However, none
of these technologies are commercially mature yet, and
significant demonstration efforts are still needed before we
have a clear indication about their technical and economic
performance at large scales in Brazil.
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