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INTRODUCTION

One of the main objectives of biofuels use is 
the replacement of fossil fuels, contributing to the 
reduction of dependency on fossil fuels and mitiga-
tion of greenhouse gases (GHG) emissions. But the 
effectiveness of such substitution depends in the 
way the biofuel is produced. Since all processing 
technologies involve direct or indirectly the use 
of fossil resources, the real benefit of a biofuel 
depends on the net fossil energy savings resulted 
from its use, also taking into account the GHG 
emissions associated to its lifecycle.

The environmental advantages of sugarcane-
based ethanol, regarding gasoline substitution and 
GHG emissions mitigation, have been acknowl-
edged since the first comprehensive energy bal-
ance and GHG emissions studies were available 
(Silva et al., 1978; Macedo and Nogueira, 1985; 
Macedo, 1992). Updating studies have been pub-
lished since then (Macedo, 1998; Macedo et al., 
2004), following the changes in the sugarcane 
sector and the new parameters for environmental 
analysis. But the rapid growth of the cane sector 
in Brazil in the last decade, associated to some 
legal constraints and technology development are 
changing important parameters in this evaluation. 
New cane varieties and productivity, the legal re-
strictions to sugarcane burning practice and the 
increased mechanization influence the energy and 
emissions balance in different ways. Furthermore, 
cane mills started a strong action in selling electric-
ity surplus, and the use of portion of the cane trash 
for energy will be seen in the next years. Finally, 
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the ethanol use technology has changed, with the 
growing fleet of flexible-fuel vehicles. 

Recent works (Macedo et al., 2008; Macedo 
and Seabra, 2008) evaluated the energy balance 
and GHG emissions for the current situation and 
for projected scenarios, considering the effects of 
employment of different technologies in the sugar-
cane sector. This chapter reports the main results 
of these studies, as well as the results presented 
by the main international initiatives promoting 
the use of biofuels. A brief discussion about the 
potential of mitigation associated to the Brazilian 
ethanol is also presented.

ENERGY BALANCE AND GHG 
EMISSIONS IN ETHANOL LIFECYCLE

Macedo and Seabra (2008) evaluated the en-
ergy balance and GHG emissions of the sugarcane 
sector in 2006 and the expected changes for 2020, 
considering the effects of the employment of dif-
ferent technologies. Two scenarios were evaluated 
in the future case: one based on the maximum 
electricity generation through steam cycles (2020 
Electricity scenario), and a second one based on 
the ethanol production from biochemical conver-
sion of the surplus ligno-cellulosic material (2020 
Ethanol scenario). In both scenarios, 40% of the 
trash available in the field would be collected to 
be used as energy source at the mill. 

The 2006 results are based on 2005/2006 
average conditions, with the best available and 
comprehensive data from the Brazilian Center-
South Region (Macedo et al., 2008). Note that 
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GHG emissions/mitigation are evaluated for each 
Scenario specific conditions; scenario implementa-
tion schedules are not presented (or needed) for 
the objective of this kind of study.

However, it must be said that the Electricity 
Scenario implementation is occurring now in all 
Greenfield operations, and already in some retrofit 
of existing units. The Ethanol Scenario, as pro-
posed, still depends on technological development 
of the biomass hydrolysis/fermentation processes, 
and it would take longer to be implemented to a 
significant level in the context of the Brazilian 
ethanol production (Seabra, 2008). 

The data used for 2006 is for a sample of 44 
mills (100 M t cane/season), all in the Brazilian 
Center South. Data have been collected/processed 
for the last 15 years, for agriculture and industry, 
for the CTC “mutual benchmarking”. The 2020 
parameters are authors’ projections, based on 
cane specialists’ estimations, while industrial pa-
rameters are simulation results, using parameters 
from the literature.

The systems boundaries considered for the 
energy flows and GHG emissions and mitigation 
include sugarcane production, cane transportation 
to the industrial conversion unit, the industrial 
unit, ethanol transportation to the gas/petrol sta-
tion, and vehicle engine performance. Emissions 
from direct energy use were considered, as well 
as emissions from cane trash burning in the field 
and soil emissions, derived from fertilizers applica-
tion, limestone and residues returned to the soil 
(stillage, filtercake and cane trash). Emissions 
mitigation was assessed considering the substitu-
tion of ethanol, surplus bagasse and electricity 
respectively for gasoline, fuel oil and natural gas 
thermoelectricity.

The results for energy balance and emissions 
are presented in Tables 1 and 2, respectively. 
Note that the differences in total emissions are 
strongly dependent on the co-products credits. 
The complete elimination of trash burning practice 
in the 2020 is an important aspect, but the major 
difference between 2006 and the 2020 scenarios 

TABLE 1 Energy balance in anhydrous ethanol production (MJ/t cane)a.

2006 2020 Electricity 2020 Ethanol

Fossil energy input 0,235.0 0,262.0 0,268.0

 Cane production 0,211.0 0,238.0 0,238.0

  Cane farming 0,109.0 0,142.0 0,143.0

  Agr. inputs 0,065.0 0,051.0 0,050.0

  Transportation 0,037.0 0,045.0 0,045.0

 Ethanol production 0,024.0 0,024.0 0,031.0

  Chemicals 0,019.0 0,020.0 0,025.0

  Equip. and buildings 0,005.0 0,004.0 0,006.0

Renewable energy output 2,198.0 3,171.0 3,248.0

 Ethanola 1,926.0 2,060.0 2,880.0

 Electricity surplusb 0,096.0 1,111.0 0,368.0

 Bagasse surplusa 0,176.0 0,000.0 0,000.0

Energy ratio 0,009.4 0,012.1 0,012.1

a Based on LHV (Low Heating Value).
b Considering the substitution of biomass-electricity for natural gas-electricity, generated with 40% (2006) and 50% (2020) efficiencies (LHV).
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is due to an actual increase in the system energy 
efficiency (greater energy output).

This indicates the importance of the better use 
of sugarcane’s energy for further improvements of 
the already huge potential of ethanol as a good al-

ternative for GHG emissions mitigation. It is worth 
mentioning that other more efficient technology 
routes for biomass use will raise in the future, which 
may lead to even greater environmental benefits 
related to cane ethanol (see Chapter 18, Part 4).

TABLE 2 Total emissions in ethanol life cycle (kg CO2eq/m3 anhydrous)a.

2006 2020 Electricity 2020 Ethanol

Cane production 417 326 232

 Farming 97 117 91

 Agr. inputs 57 43 23

 Transportation 32 37 26

 Trash burning 84 0 0

 Soil emissions 146 129 92

Ethanol production 25 24 22

 Chemicals 21 20 19

 Equip. and buildings 4 4 3

Ethanol distribution 51 43 43

Credits

 Electricity surplusb -74 -803 -190

 Bagasse surplusc -150 0 0

Total 269 -409 107

a Emissions for hydrous ethanol/m3 are about 5% less than values verified for anhydrous ethanol.
b Considering the substitution of biomass-electricity for natural gas-electricity, generated with 40% (2006) and 50% (2020) efficiencies (LHV).
c Considering the substitution of biomass fuelled boilers (efficiency = 79%; LHV) for oil fuelled boilers (efficiency = 92%; LHV).

TABLE 3 Avoided emissions due to ethanol use (t CO2eq/m3 anhydrous or hydrous).

Ethanol usea Avoided emissionsb Net emissionsc

2006
E100 -2.0 -1.7

E25 -2.1 -1.8

2020 Electricity

E100 -2.0 -2.4

FFV -1.8 -2.2

E25 -2.1 -2.5

2020 Ethanol

E100 -2.0 -1.9

FFV -1.8 -1.7

E25 -2.1 -2.0

a E100, or HDE: hydrous ethanol in dedicated engines; FFV: hydrous ethanol in flex-fuel engines; E25: anhydrous ethanol (25% volume) and gasoline blend.
b Avoided emission (negative values) due to the substitution of ethanol for gasoline; fuel equivalencies verified for each application in Brazil (MACEDO et al., 2008).
c Net emission = (avoided emission due to ethanol use) + (ethanol life cycle emission). Co-products credits are included.
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GHG emissions mitigation with respect to 
gasoline is presented in Figure 1, for the different 
ethanol uses in Brazil. The figure also shows the 
impacts of emissions allocation (based on energy 
content of the co-products) in comparison to the 
substitution criterion for ethanol co-products 
credits evaluation. The detailed results using the 
substitution criterion is presented in Table 3.

CO
2
 emissions due the direct land use change 

were assessed in the study as well, using the cane 
expansion analysis presented by Nassar et al. 
(2008), data for soil carbon stocks from Amaral et 
al. (2008) and the IPCC methodology to estimate 
land use change emissions. As indicated in Table 4, 
negative emissions were verified in all scenarios, 
due to the increase of soil carbon stocks. This was 
expected, since the expansion areas for sugar-
cane include a very small fraction of native lands 
with high carbon stocks, and some degraded land 
(Macedo and Seabra, 2008). As for the indirect 
land use change effects, the authors suggest that 
within its soil and climate limitations, the strict 
application of the environmental legislation for the 
new units, and the relatively small areas needed 

(~5 Mha, until 2020), the expansion of sugarcane 
until 2020 is not expected to contribute to ILUC 
emissions. More details about the indirect land use 
change is presented in Chapter 11.

INTERNATIONAL ANALYSIS

Even though there is no consensus on the 
basic principles about the sustainability of biofu-
els, the need to lead to GHG emissions reduction 
(compared to the equivalent fossil option) is one of 
the most relevant aspects. With such goal, interna-
tional initiatives aimed at promoting the use of bio-
fuels have been established in different countries, 
paying attention to other sustainability criteria as 
well. In this section we present the analyses of the 
main international programs on the GHG emissions 
related to the sugarcane ethanol life cycle.

EU Directive

The European Union Directive on the promo-
tion of the use of energy from renewable sources 
established a mandatory target of a 20% share of 
energy from renewable sources in overall Commu-

FIGURE 1 GHG mitigation with respect to gasoline: allocation or co-products credits.

2006 2020 Electricity

HDE

0%

–20%

–40%

–60%

–80%

–100%

–120%

–140%

E25 HDE FFV E25

2020 Ethanol

Allocation Co-products credits

HDE FFV E25



295Greenhouse Gases Emissions Related to Sugarcane Ethanol

nity energy consumption by 2020, and a 10% share 
in transport. According to the sustainability criteria 
defined by the Directive, the energy from biofuels 
should be taken into account in the national targets 
only if the GHG emission saving from their use is at 
least 35%, when compared to the equivalent fos-
sil (petrol or diesel). With effect from 1st January 
2017, such emissions saving should be at least 50%, 
and from 1 January 2018, at least 60% for biofuels 
and bioliquids produced in installations in which 
production started on or after 1st January 2017.

In order to avoid a disproportionate admin-
istrative burden, a list of default values was laid 
down for common biofuel production pathways. 
For the Brazilian sugarcane ethanol (used in Eu-
rope), the default value is 24 g CO

2
eq/MJ, which 

leads to an emission saving of 71% compared to 
gasoline (see Table 5). The Directive imposes that 
the land use change emissions should be taken into 
account, using a proposed methodology. A bonus 
of 29 g CO

2
eq/MJ could be applied if biomass is ob-

tained from restored degraded land under specific 
conditions provided by the Directive. As for the 
indirect impacts of the land use change, the Direc-

tive states that the Commission should develop a 
concrete methodology to minimize greenhouse gas 
emissions caused by indirect land-use changes. To 
this end, the Commission should analyze the inclu-
sion of a factor for indirect land-use changes in the 
calculation of greenhouse gas emissions and the 
need to provide greater incentives to sustainable 
biofuels which minimize the impacts of land-use 
change and improve biofuel sustainability with 
respect to indirect land-use change.

RTFO

The Renewable Transport Fuels Obligation 
(RTFO) requires suppliers of fossil fuels to ensure 
that a specified percentage of the road fuels they 
supply in the UK is made up of renewable fuels. 
The target for 2010/11 is 3.5% by volume. Emis-
sions reductions with respect to the equivalent 
fossil fuel should be 50%, taking also into account 
the emissions due to land use change wherever 
possible. Default values considered for the sug-
arcane ethanol produced in Brazil and used in 
Europe are presented in Table 6.

TABLE 4 Emissions associated with LUC to unburned cane.

Reference crop Carbon stock changea Emissions (kg CO2eq/m3)

(t C/ha) 2006 2020 Electricity 2020 Ethanol

Degraded pasturelands 10 -302 -259 -185

Natural pasturelands -5 157 134 96

Cultivated pasturelands -1 29 25 18

Soybean cropland -2 61 52 37

Maize cropland 11 -317 -272 -195

Cotton cropland 13 -384 -329 -236

Cerrado -21 601 515 369

Campo limpo -29 859 737 527

Cerradão -36 1040 891 638

LUC emissionsb -118 -109 -78

a Based on measured values for below and above ground (only for perennials) carbon stocks.
b Considering the following LUC distribution – 2006: 50% pasturelands (70% degraded pasturelands; 30% natural pasturelands), 50% croplands (65% soybean 

croplands; 35% other croplands); 2020: 60% pasturelands (70% degraded pasturelands; 30% natural pasturelands); 40% croplands (65% soybean croplands; 35% 
other croplands). Cerrados were always less than 1%.
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CARB

Through the regulation referred as the Cali-
fornia Low Carbon Fuel Standard (LCFS), the Air 
Resources Board (ARB/Board) staff is proposing to 
reduce emissions of greenhouse gases by lowering 
the carbon content of transportation fuels used in 
California. One standard is established for gasoline 
and the alternative fuels that can replace it. A 
second similar standard is set for diesel fuel and 
its replacements. Each standard is set to achieve 
an average 10 reduction in the carbon intensity of 
the statewide mix transportation fuels by 2020. In 
addition, the LCFS is designed to reduce Califor-
nia’s dependence on petroleum, create a lasting 
market for clean transportation technology, and 
stimulate the production and use of alternative 
low-carbon fuels in California. Reformulated gaso-

line mixed with corn-derived ethanol at 10 percent 
by volume and low sulfur diesel fuel represent the 
baseline fuels.

Emissions from land use change were included 
in the evaluation for biofuels. Using the GREET 
and GTAP (to assess land use changes) models, 
different biofuels pathways were analyzed. The 
original pathway document for sugarcane etha-
nol, published in February 2009, was for baseline 
ethanol produced in Brazil, transported to and 
used in California. The emissions were estimated 
as 27.4 g CO

2
eq/MJ, plus 46 g CO

2
eq/MJ due to 

land use change (see Table 7). Two other scenarios 
were later added to the analysis, incorporating 
issues related to the mechanical harvesting and 
the electricity co-product credits (see Table 8). 
Innumerous critics were raised with respect to the 
land use change analysis, and committees were 
assembled in order to improve the analysis. In the 
future new values should be reported by the Board.

EPA

The Renewable Fuel Standard (RFS) program 
was created under the Energy Policy Act (EPAct) 
of 2005, and established the first renewable fuel 
volume mandate in the United States. The Energy 
Independence and Security Act of 2007 (EISA) 
increased the volume of renewable fuel required to 
be blended into transportation fuel from 9 billion 

TABLE 5 EU Directive disaggregated default values for the 
Brazilian sugarcane ethanol pathway.

Step Default value 
(g CO2eq/MJ)

Cultivation (eec) 14

Processing (ep – eee) 1

Transport and distribution (etd) 9

Total 24

GHG emission saving 71%

Source: EU DIRECTIVE, 2009.

TABLE 6 Fuel chain summary for Brazilian sugarcane ethanol 
under the RTFO.

Module Carbon intensity 
(kg CO2eq/t etanol)

Crop production 348

Feedstock transport 49

Conversion 0

Liquid fuel transport 93

175

Total 665

Source: RFA, 2008.

TABLE 7 GHG emissions summary for sugarcane ethanol.

Components GHG emissions 
(g CO2eq/MJ)

Sugarcane farming 9.9

Ag chemicals production and use 
impacts

8.7

Sugarcane transportation 2.0

Ethanol production 1.9

Ethanol T&D 4.1

LUC 46

Totala 73.4

a Include emissions from ethanol combustion.

Source: CARB, 2008.
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gallons in 2008 to 36 billion gallons by 2022, and 
established new categories of renewable fuel (con-
ventional and advanced biofuels) and set separate 

volume requirements for each one. The term ad-
vanced biofuel (e.g., ethanol derived from sugar 
or cellulose) means renewable fuel, other than 
ethanol derived from corn starch that has lifecycle 
greenhouse gas emissions and at least 50% less 
than baseline lifecycle greenhouse gas emissions.

In the original evaluation, the US Environ-
mental Protection Agency (EPA) estimated the 
GHG emissions reduction related to the Brazilian 
sugarcane ethanol as 44% (100 years, 2% discount 
rate), including the effects due to land use change. 
The analysis was later revised for the Regulatory 
Impact Analysis, and aspects related to direct 
emissions as well as indirect effects were changed. 
Four scenarios were evaluated, considering path-
ways assuming most crop residue of the leaves as 
well as stalks would be collected (and therefore 
available for burning as process energy) or with-
out the extra crop residue being neither collected 
nor burned as fuel. EPA also analyzed pathways 
assuming the ethanol is distilled in Brazil or alter-
natively being distilled in the Caribbean (CBI). The 

TABLE 8 Summary of baseline pathway and two additional 
scenarios.

Pathway description WTW GHG emissionsa

(g CO2eq/MJ)

Baseline Pathway
Brazilian sugarcane using 
average production process

27.40

Scenario 1
Brazilian sugarcane with average 
production process, mechanized 
harvesting and electricity co-
product credit

12.20

Scenario 2
Brazilian sugarcane with 
average production process and 
electricity co-product credit

20.40

a LUC emissions are not included.

Source: CARB, 2009.

Source: EPA, 2010.

FIGURE 2 EPA results for sugarcane ethanol by lifecycle stage with and without residue collection and CBI.
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emissions reduction for these scenarios ranged 
between 59% and 91%, as indicated in Figure 2.

ETHANOL AVOIDED EMISSIONS IN 
THE BRAZILIAN CONTEXT

The contribution of sugarcane ethanol for 
GHG emissions mitigation in Brazil is substantial. 
Meira Filho and Macedo (2009) show that in 2006 
the mitigation related to ethanol (and cogenerated 
electricity surplus) represented 22% of final 
emissions from the Transportation and Electric-
ity sectors, and it could represent 43% in 2020 
(see Figure 3). Total emissions in Brazil in 2006 
(related to energy, production and use, in all sec-
tors) were 350 Mt CO

2
eq, and they are projected 

to reach 720 Mt CO
2
eq in 2020 (EPE, 2007 apud 

Meira Filho and Macedo, 2009). Considering such 
values, the ethanol sector avoided the equivalent 
of 10% of 2006 emissions, and would be able to 
avoid 18% in 2020.

In the current scenario, climate change may 
bring to the countries important adaptation 
costs; one option is to reduce the negative effects 
through emissions mitigation, which could lead 
to lower damages and adaptation costs. Recent 

analyses indicate the need to stabilize atmospheric 
CO

2
 concentration at 450 ppm. For such level, the 

mitigation costs could reach US$ 180 per tonne of 
CO

2
 avoided between 2020 and 2030 (Souza and 

Macedo, 2009).
Meira Filho and Macedo (2009) estimated, 

thus, the mitigation cost related to the sugarcane 
ethanol, assuming the gasoline displacement and 
electricity surplus. Based on an average mitigation 
capacity of 2 t CO

2
eq/m3 and a mitigation cost of 

US$ 100 per tonne of CO
2
eq, the authors calculated 

the additional value of ethanol as US$ 0.20 per 
liter. This value (i.e. additional to the equivalent 
value of the displaced gasoline) represents one of 
the externalities of the ethanol use, which is not 
remunerated (internalized), but should be con-
sidered in the elaboration of policies to support 
ethanol production and use.

The use of biofuels worldwide may be an 
important tool to meet the emission targets estab-
lished to control global warming. As an example, 
the effect on global temperature of the ethanol use 
in Brazil as a substitute for gasoline could be as-
sessed. Meira Filho and Macedo (2009) estimated 
that the increase of planet’s mean temperature 
would be 0.0004 ºC higher in 2100, if ethanol use 
remained at the same level of 1990. Similarly, the 
increase of the atmospheric CO

2
 concentration 

would be 0.05 ppm higher (see details in Meira 
Filho and Macedo (2009)).

FINAL CONSIDERATIONS

At present the use of cane ethanol as a sub-
stitute for gasoline represents one of the main 
options for GHG emissions mitigation. Despite 
the uncertainties related to the impacts of direct 
and (mainly) indirect land use change, it is not 
likely that the cane expansion in Brazil would 
lead to higher ethanol emissions, because of the 
combination of the relatively low demand for new 
areas and the great potential for areas release 
due to the conversion of low grade pasture (most 
of them degraded pasturelands). Regardless, this 
topic deserves intensive research efforts, aimed 
at the development of suitable methodologies and 
analysis tools, in addition to the collection/produc-

1 Excluding deforestation. Estimates: EPE, PNE 2030.
2 Emissions from the transportation and electricity sectors.

Estimates: EPE, PNE 2030. 
3 Mitigation, sugarcane: ethanol + electricity (scenario study).

Source: SOUZA e MACEDO, 2009.

FIGURE 3 GHG emissions mitigation related to ethanol use in 
Brazil. 
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tion of more accurate data on the carbon stocks 
for different crops and native vegetation.

N
2
O emissions derived from N-fertilizers ap-

plication and residues that are returned to the 
soil deserve special attention as well. Studies 
(e.g., Crutzen et al., 2008) suggest that emission 
factors provided by IPCC underestimate nitrous 
oxide emissions, and some experimental results 
pointed to the same direction for particular cases 
in specific regions (Allen et al., 2010; Denmead 
et al., 2009). However, it is important to note the 
huge variability of these emissions with respect 
to climate, soil, crop, tillage practices etc. Re-

cent experimental analyses (Boddey, 2009) have 
showed that, for the Brazilian case, the emission 
factors would be even lower than those reported 
by IPCC.

Finally, cane ethanol co-products must be 
highlighted. Today the electricity surplus became 
a consolidated product of the cane mills, and a 
rapid growth is expected for the near future. Fur-
thermore, as indicated in this work, as other more 
efficient technologies using sugarcane residual 
cane biomass are employed in the future, the en-
vironmental benefits related to the sugarcane 
products could be even greater.
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