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Abstract

Biofuels are both a promising solution to global warming mitigation and a potential
contributor to the problem. Several life cycle assessments of bioethanol have been
conducted to address these questions. We performed a synthesis of the available data
on Brazilian ethanol production focusing on greenhouse gas (GHG) emissions and
carbon (C) sinks in the agricultural and industrial phases. Emissions of carbon dioxide
(COy) from fossil fuels, methane (CH,) and nitrous oxide (N,O) from sources commonly
included in C footprints, such as fossil fuel usage, biomass burning, nitrogen fertilizer
application, liming and litter decomposition were accounted for. In addition, black
carbon (BC) emissions from burning biomass and soil C sequestration were included
in the balance. Most of the annual emissions per hectare are in the agricultural phase,
both in the burned system (2209 out of a total of 2398 kg C.), and in the unburned system
(559 out of 748 kg C,). Although nitrogen fertilizer emissions are large, 111 kg C.qha 'yr 7,
the largest single source of emissions is biomass burning in the manual harvest system,
with a large amount of both GHG (196 kg Ceqha 'yr ). and BC (1536 kg Coqha ' yr ).
Besides avoiding emissions from biomass burning, harvesting sugarcane mechanically
without burning tends to increase soil C stocks, providing a C sink of 1500 kg Cha " yr
in the 30 cm layer. The data show a C output: input ratio of 1.4 for ethanol produced
under the conventionally burned and manual harvest compared with 6.5 for the
mechanized harvest without burning, signifying the importance of conservation agri-
cultural systems in bioethanol feedstock production.

Keywords: biofuel, carbon footprint, global warming, life cycle assessment, soil carbon sequestration

Received 7 January 2010 and accepted 7 February 2010

Introduction

Of the 66 billion liters (BL) of bioethanol produced
globally in 2008, ~90% were produced in the United
States (mainly corn ethanol) and Brazil (sugarcane
ethanol) (Renewable Fuels Association, 2009). Sugar-
cane (Saccharum officinarum) has vigorous growth, high
photosynthetic efficiency and a production system
which often includes the use of crop residues to gen-
erate power for the processing mills. Thus, it is one of
the most attractive feedstocks for bioethanol produc-
tion, considering both energy output: input ratios and

Correspondence: Marcelo Valadares Galdos, tel. + 55 19 34294726,
fax + 55 19 34294726, e-mail: mvgaldos@gmail.com

© 2010 Blackwell Publishing Ltd

greenhouse gas (GHG) emission reductions compared
with fossil fuels (Goldemberg et al., 2008). There has
been a steady increase in production of Brazilian etha-
nol, from 10.6 BL in 2000, to 27.5BL in 2008 (Uniado da
Inddustria de Cana-de-agtcar, 2009). The rapidly increas-
ing global demand for bioethanol necessitates detailed
assessment of the sustainability of biofuels based on all
components of C inputs and outputs. This article pro-
vides a full C balance of sugarcane-derived ethanol
production in Brazil including all the major sources
and sinks, such as CHy and N,O emissions, fossil
CO,, soil C sequestration, black carbon (BC) emissions
and biochar deposition from biomass burning.
Burning residues is a common practice of sugarcane
production in Brazil, to facilitate more efficient manual
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harvest and transport. However, burning plant residues
leads to emissions of GHGs (e.g., CO,, CH4 and N,O)
besides the release of charcoal (BC) particles into the
atmosphere. The latter poses health hazards (Cancado
et al., 2006) and impacts regional and local climate.
Burning also keeps organic matter (OM) and nutrients
from returning to the soil, and may adversely impact
soil quality. Thus, burning phase-out laws are being
implemented throughout Brazil because of economic
and environmental concerns. As manual harvest of
sugarcane without burning is not economically feasible,
mechanical harvesters that can collect the stalks and
leave the residues on the field have been developed. By
2014, 80% of the cane harvested in the main production
regions in Brazil will be harvested without burning
(Centro de Gestdo de Estudos Estratégicos, 2004). There
exists a positive correlation between the maintenance of
sugarcane trash and the increase in soil organic carbon
(SOC) content, influenced by time since adoption of the
unburned harvest, soil texture and soil disturbance
(Galdos et al., 2009a,b).

Materials and methods

Burned and unburned harvest systems

In the sugarcane production system, burning the resi-
dues has been a common practice in order to facilitate
more efficient manual harvest and transport operations.
After burning, the partially burned tops are separated
from the stalks and left on the field. Besides the public
health and environmental problems associated with
burning biomass, the low quantities of remaining crop
residues left on the field can lead to poor soil quality.
The combination of low soil cover and erosive precipi-
tation events can lead to soil losses by surface runoff.

Because of environmental, agronomic and economical
reasons, the manual harvest of sugarcane with burning
has been gradually replaced by mechanical harvest with
maintenance of the dry leaves and tops on the field, in a
system called green cane management. The green man-
agement of sugarcane includes the deposition of large
amounts of plant litter on the soil after each harvest,
ranging from 10 to 20 tons of dry matter per hectare. The
mulch formed impacts the whole production process of
sugarcane, influencing cane yields, weed control, fertili-
zer management, soil erosion, soil water infiltration rates
and soil OM dynamics, among other factors.

Hidden C emissions

The GHG emissions from fossil fuel used in agricultural
operations (e.g., planting, disking, harrowing, tilling,
harvesting and input application) and transport of

sugarcane stalks to the mill were used to assess the
ecosystem C budget. Hidden C emissions from the
production, transport and storage of seeds, lime, ferti-
lizers, pesticides, industrial chemicals, buildings, ma-
chinery and equipments were also accounted for (Lal,
2004). Because the focus was the comparison between
manual and mechanized harvesting systems, hidden C
emissions due to human labor were also included in the
balance, assuming a 70% reduction in labor in the
mechanized harvest (Boddey et al., 2008). Human labor,
which is not usually included in GHG balances, was
calculated by Boddey et al. (2008) based on a 128h™!
ha'yr ! estimate by Pimentel & Patzek (2007), and
fossil energy used in field labor of 7.84MJmanh™!
(Giampietro & Pimentel, 1990).

N,O emissions from fertilizer application

Direct and indirect N,O emissions from organic and
mineral fertilizer applications, as well as from the decom-
position of crop residues were calculated using Inter-
governmental Panel on Climate Change (IPCC) (2006)
default emission factors. Although using global default
factors imply in large uncertainties, there are currently
very few regional or site-specific N,O emissions data for
nitrogen fertilizer application in sugarcane. Considering
that roughly 60% of the nitrogen fertilizer in sugarcane in
Brazil is applied as urea, CO, emissions from urea
application were also calculated. Similarly, emissions
from liming and non-CO, emissions from organic mate-
rials such as filter cake, vinasse and crop residues were
also included in computing the GHG balance. Impor-
tantly, N,O emissions from litter decomposition were also
calculated for the burned harvest system, based on the
data from field experiments (Cerri, 1986). In the manual
harvest, although most of the leaves are burned, part of
the upper portion of the stalks (the tops) and remaining
leaves are left on the soil surface.

Avoided emissions

The data used to calculate the avoided emissions from
ethanol production, surplus bagasse and surplus elec-
tricity was obtained from a database which included
typical technology used in 2005/2006 in the Center-
South region of the country, where most of the ethanol
is produced (Macedo et al., 2008). Under those condi-
tions, a surplus of 9.6% of the total amount of bagasse
generated was not used for energy in the plant’s own
operations. This surplus bagasse production has been
used in other industries as fuel in stationary combus-
tion, thus computed as avoided emissions of fossil
fuels. The avoided emissions from surplus bagasse
were calculated considering the substitution of
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biomass-fueled boilers (efficiency =79%; LHV) for oil-
fuelled boilers (efficiency = 92%; LHV) (Macedo et al.,
2008). The surplus electricity, ~9.2kWhMgcane ', is
exported into the grid primarily substituting electricity
generated by natural gas (efficiency =40%; LHV) in
periods of low water levels in hydroelectric dams
(Macedo et al., 2008). Therefore, global average emission
factors for electricity generation were used.

Global warming potential (GWP)

The GWP values of the GHGs included in this assessment
were updated to the Fourth Assessment Report values, 25
for CH, and 298 for N,O. The main existing assessments
were performed using the second assessment report
values for CHy (21) and N,O (310) (Boddey et al., 2008),
and third assessment report GWP values for CH, (23)
and N,O (296) Macedo et al., 2008). CH,, N,O and BC
emissions were converted to CO, equivalent using GWP
values, and then converted to C equivalent (C.q)

Soil C stocks

The dataset used in this study was obtained from a
literature review on the influence of the adoption of the
harvest without burning on SOC content in the soils under
sugarcane in Brazil. A summary of all data used in this
paper with information about location, geographic coor-
dinate, soil type and study source is provided in Table 1.
All selected studies provided data on SOC stocks (or C
concentration and bulk density used to calculate the
stocks), depth of sampling and time since the manage-
ment change. The studies were observational (i.e. not
agronomic experiments) paired comparisons and each site

within a paired comparison was similar with respect to
dominant soil type, topography and climate. While there
is less control of some variables than in an agronomic
experiment, the paired comparisons allow an assessment
of the actual management systems used by farmers.

Biochar

Biochar has been defined as a C-rich organic material
derived from incomplete combustion of fossil fuels and
vegetation and from weathering of graphitic C in rocks
(Nguyen et al., 2009). Biochar input to soils was in-
cluded in this assessment, with data obtained from field
measurements of C in ashes deposited on the soil after
preharvest burning.

BC

Another factor that has been commonly missing in
ethanol GHG balances is BC from the incomplete
combustion of biomass. As a component of aerosol,
BC has both scattering and absorption effects on the
atmosphere, but the net effect is warming of the atmo-
sphere, with a 100-year GWP of 500 (Hansen et al.,
2007). This assessment included BC emissions from
the combustion of both crop residues in the agricultural
phase and bagasse in boilers in the industrial phase. BC
emission factors for trash burning are in the 0.7-1.4kg
Mg trash (db) range; for bagasse, assuming a 90%
emissions control in the boilers, the factors are in the
10—14kg T] ' range (Sanhueza, 2009). For simplifica-
tion purposes, the mean values of these ranges were
used in our calculations.

Table 1 General characteristics of the sites used to estimate the potential carbon sequestration in the conversion from burned to

unburned management in Brazil

Soil type (FAO) Source

Location
Site City State Geographic coordinate
1 Matao SP 21°36S, 48°22W
2 Serrana SP 21°12S, 47°35W
3 Jaboticabal SP 21°19S, 48°11W
4 Matao SpP 21°36S, 48°22W
5 Timbatiba PE 08°02S, 35°55W
6 Goianésia GO 15°19S, 49°07W
7 Ourinhos SP 22°58S, 49°52W
8 Pradépolis SP 21°22S, 48°03W
9 Pradépolis SP 21°22S, 48°03W
10 Pradépolis SP 21°22S, 48°03W
11 Pradépolis SP 21°22S, 48°03W
12 Pradépolis SP 21°22S, 48°03W

Ferric Alisol

Haplic Arenosol
Haplic Ferralsol
Haplic Ferralsol
Chromic Luvisol
Rhodic Ferralsol
Rhodic Ferralsol
Rhodic Ferralsol
Rhodic Ferralsol
Rhodic Ferralsol
Rhodic Ferralsol
Rhodic Ferralsol

Cerri et al. (2004)
Cerri et al. (2004)
Souza et al. (2005)
Cerri et al. (2004)

(Resende et al., 2006)

Szakacs (2007)
Szakéacs (2007)
Cerri et al. (2004)
Szakacs (2007)
Czycza, (2009)

Galdos et al. (2009 a,b)

Czycza, (2009)

SP, Sao Paulo; PE, Pernambuco; GO, Goias.
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Vinasse

Vinasse (or stillage) is a liquid residue resulting from
the production of ethanol. Currently, vinasse is applied
in fertirrigation soon after its production, with short
storage time under anaerobic conditions, and open air
transportation channels are progressively being re-
placed by pipelines in the transportation for field ap-
plication. Therefore, methane emissions from vinasse
were considered insignificant and not included in this
assessment. However, field measurements under cur-
rent storage and transportation systems are needed to
accurately estimate these emissions.

Results and discussion

Soil C

The soil C data (Table 2) were divided into two sets:
clayey soils (clay content>35%) with mean C accumu-
lation rate (2.04 Mgha ' yr™") higher than that for san-
dy soils (0.73Mgha'yr™"). Soils with the highest clay
content had the highest annual rates of C accumulation,
and vice-versa. The two distinct groups highlight the
importance of soil texture regarding the potential for
soil C sequestration (Hao & Kravchenko, 2007). The
mean annual C accumulation rate of 1.5Mgha 'yr "
for the first 30 cm depth with the conversion of burned
to unburned harvest was used in the present C balance
assessment. The overall increase in soil C stocks in the
system with trash retention is mainly related the large
input of organic material in the conservation manage-

ment system in sugarcane production. There is an
annual input of 5—10Mg of C left on the soil surface
as dry sugarcane leaves and tops. As the litter is
decomposed, part of the C is emitted as CO, into the
atmosphere, and part is incorporated into the soil,
increasing the SOC pool. However, there are several
factors which must be taken into account when asses-
sing the potential for increases in soil C. Soils have a
finite C sink capacity, eventually reaching equilibrium
with respect to management (Six et al., 2002). The
temporal dynamics of soil C stocks are influenced by
antecedent C stocks, soil texture, mineral fertilizer and
organic material application. Soil C stocks are also
dependent on the degree of soil disturbance during
the replanting operation.

GHG balances of sugarcane-derived ethanol produced in
Brazil

The boundaries considered in this assessment encom-
passed the agricultural and industrial processing
phases, from producing and planting the cane setts all
the way to the final product in the mill. In addition to
the ‘seed to gate’” GHG emissions and removals flow
chart of sugarcane-derived ethanol production systems
shown in Fig. 1, there are also emissions in the distribu-
tion and use phases, which vary widely according to the
target market and the proportion of ethanol used in the
fuel mix. Furthermore, the agricultural and industrial
phases account for most of the emissions in the full life
cycle of ethanol (Larson, 2006).

Table 2 Annual carbon stock change (0—30 cm) under burned and unburned sugarcane harvesting systems in Brazil

Clay content (%)

Carbon stock (Mg ha™h) Annual carbon (Mg ha! yr’l)

Site Time span (years) Burned Unburned Burned Unburned Stock change
Sandy soils

1 4 21 20 33.7 38.7 1.25

2 4 09 10 28.8 325 0.93

3 4 28 28 34.6 40.4 1.45

4 12 34 34 59.0 57.3 —-0.14

5 16 20 20 53.6 56.2 0.16

Mean 0.73 (+ 0.69)
Clayey soils

6 3 56 51 49.8 56.6 2.27

7 4 72 71 60.7 68.4 1.93

8 4 68 66 68.0 77.5 2.38

9 6 67 70 69.8 82.9 2.18

10 6 69 66 444 57.5 2.18

11 8 67 78 50.1 64.4 1.79

12 12 68 64 60.4 79.5 1.59

Mean 2.04 (+ 0.28)
Overall mean 1.50 (& 0.82)
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Rather than expressing the GHG balance in kilogram
Ceq per unit of mass, volume or energy, all values are
presented in terms of emissions and removals per unit
of area (hectares), to facilitate comparisons with alter-
native land uses.

The previous life cycle assessments of ethanol produc-
tion in Brazil have aggregated data from burned and
unburned systems, considering the proportion of area
harvested by each system. The approach used in this
assessment was to disaggregate the inputs and outputs of
the two main harvesting systems: sugarcane harvested
manually with preharvest burning, and mechanized har-

Y = N,O
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Fossil emissions 246.8
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Agricultural phase
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vest with crops residues left on the field. Average sugar-
cane and ethanol yields for Brazil were used, considering
five harvests in 6 years (one plant crop and four ratoon
crops) (Boddey et al., 2008). All of the inputs used in the
agricultural phase were normalized in this manner, in
order to estimate annual applications.

The annual C inputs and outputs (kgC.y) of sugar-
cane-derived ethanol production in Brazil under
burned and unburned harvesting systems are presented
in Table 3, along with the energy content of inputs
and outputs in MJ haflyrfl. When considering fossil
emissions in the agricultural phase, unburned harvest
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Fig. 1 Greenhouse gas emissions and removals in the ‘seed to gate’ phase of sugarcane-derived ethanol production.

Table 3 Carbon inputs and outputs of sugarcane-derived ethanol production in Brazil under burned and unburned harvesting

systems

Energy (M] ha! yr_l)*

Carbon equivalent (kg Ceq ha! yr_l)T

Carbon inputs and outputs Burned Unburned Burned Unburned

Inputs

Agricultural phasef

Fossil emissions

Labor 1003.5 301.2 20.2 6.1

Machinery 1324.5 1378.7 26.7 27.8

Diesel 1064.4 2806.5 214 56.6

Nitrogen 3061.8 3061.8 61.7 61.7

Phosphorus 51.0 51.0 1.0 1.0

Potassium 488.9 488.9 9.9 9.9

Lime 478.9 478.9 9.6 9.6

Seeds 252.2 252.2 5.1 5.1
Continued
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Table 3. (Contd.)

Energy (MJ ha 'yr )* Carbon equivalent (kg Ceq ha yr Ht
Carbon inputs and outputs Burned Unburned Burned Unburned
Herbicides 1445.3 1445.3 29.1 29.1
Insecticides 87.3 87.3 1.8 1.8
Vinasse disposal 656.0 656.0 13.2 13.2
Transport of consumables 276.8 276.8 5.6 5.6
Cane transport 2058.0 2058.0 415 41.5
Subtotal fossil emissions 12248.6 13342.6 246.8 268.9
Nonfossil emissions:§
CH,4 and N,O from preharvest burning 196.0 0.0
Black carbon from preharvest burning¥| 1535.5 0.0
Litter decomposition|| 11.6 70.4
Nitrogen fertilizer™ 110.7 110.7
Liming 47.7 47.7
Vinassef{ 419 419
Filter cakeft 18.9 18.9
Subtotal nonfossil emissions 1962.4 289.7
Subtotal agricultural phase 12248.6 13342.6 2209.2 558.5
Industrial phase
Chemicals used in factory 487.6 487.6 9.8 9.8
Cement 75.9 75.9 1.5 15
Structural mild steel 841.8 841.8 17.0 17.0
Mild steel and light equipment 693.5 693.5 14.0 14.0
Stainless steel 287.1 287.1 5.8 5.8
95% ethanol to 99.5% 225.3 225.3 4.5 45
Black carbon from burning bagasse§§ 136.4 136.4
Subtotal industrial phase 2611.2 2611.2 189.0 189.0
Total inputs 2398.3 747.6
Outputs
Total ethanol yield Y 147562.2 147562.2 2973.4 2973.4
Surplus bagassel|| 13481.6 13481.6 271.7 271.7
Surplus electricity*** 6342.5 6342.5 111.3 111.3
Soil carbonfi¥ 1500.0
Biochariii 30.7
Total outputs 3387.0 4856.3
Ratio output/input 14 6.5

*Embedded energy includes production, transportation and storage (Lal, 2004).

tUsed emission factor of 20.15kg Ceq GJ ! to convert energy to carbon emissions (Lal, 2004) and global warming potentials of 25
(CH,) and 298 (N,O) (IPCC, 2007).

TAssuming sugarcane yield of 76.7Mgha™", and the following annual applications per hectare: 56.7 ngha’l, 16 kg P,Os ha™?,
83kgK,Oha™!, 367 kglimeha', 3.2 kg herbicide ha™", 0.24 kg insecticide ha™"' (Boddey et al., 2008).

§Nonfossil emissions calculated using IPCC (2006) default values, except for black C.

Y[Factor for black carbon emissions from burning trash: 1.0 kg BC Mg trash (db) (Sanhueza, 2009).
|[Amount of N in crop residues remaining on the soil after mechanized harvest (10). 45kgNha™'
1986): 7kgNha™".

**Assumed 60% of N fertilizer in the form of urea over the 6-year cycle.

#+Amount of N added with vinasse application (Resende et al., 2006): 23kg N ha ' yr .
ttAmount of N added with filter cake application (Macedo et al., 2008): 10kgNha 'yr .
§§Factor for black carbon emissions from burning bagasse, assuming a 90% emissions control in the furnace: 12kgBC T~ (db)
(Sanhueza, 2009).

f[YEthanol yield of 6281 Lha™', energy content of ethanol: 21.45MJ L (Boddey et al., 2008).

[ll|Surplus bagasse of 9.6% (Macedo et al., 2008).

**Surplus electricity of 9.3kWhMgcane™' and global average emission factor of 579 Mg CO, eq GWh™' (Macedo et al., 2008).
+TTAnnual increase in soil carbon stocks (0—30 cm), from Table 1.

{1fAnnual input of carbon deposited as ashes in the soil after preharvest burning (Cerri, 1986).

1

; and after preharvest fire (Cerri,
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systems present slightly higher values than the manu-
ally harvest burned system, due to higher emissions
related to the mechanized harvesting (machinery and
diesel). These emissions are offset by the lower input of
human labor. When all the emissions in the agricultural
phase are computed, there is a large difference between
burned, 2209.2kg C.q ha'yr ' and unburned systems,
558.5kg Ceq ha 'yr . This difference is mainly due to
the large amount of BC — and to a lesser extent CH4 and
N,O — emitted in preharvest burning.

The two harvest systems do not affect the industrial
phase emissions, because only the cane stalks are cur-
rently used for first generation ethanol production.
There is a relatively high contribution of BC emissions
in the bagasse-burning furnaces, which represent 72%
of C.q emissions in the industrial phase, especially
considering that this has not been included in most
GHG balances.

The 1500kgCha ' stored annually in the top 30cm
strongly impact the total balance of C inputs and outputs.
The increase in soil C stocks in the unburned harvest,
which has also been omitted from biofuel GHG balances,
represents a third of the C outputs in this system. This is
especially important in the context of the biomass burn-
ing ban supported by the Brazilian government and
industry, which will eliminate preharvest burning, and
the dominance of mechanized unburned harvest.

There is a need for further research in the uncertainty
assessment of GHG balances in biofuel production, in
order to address variability on both activity data and
emission factors throughout the product life cycle. For
instance, the large uncertainty in soil N,O emissions
from nitrogen fertilizer application would be decreased
by regional and site-specific emission factors obtained
by field measurements and process-based modeling.
Methane emissions from organic residues of ethanol
production such as vinasse need further research in
order to be estimated and included in future assess-
ments. Finally, soil C sequestration, an important C
sink, must be further assessed considering soil, climate
and management-related variables.

Acknowledgements

We wish to thank the Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico — (CNPq), the Coordenagao de Aperfei-
coamento de Pessoal de Nivel Superior (CAPES)/Cofecub
Program and the Carbon Management and Sequestration Center
at the Ohio State University for supporting this work.

References

Boddey RM, Soares LH de B, Alves BJR, Urquiaga S (2008) Bio-
ethanol production in Brazil. In: Biofuels, Solar and Wind as

© 2010 Blackwell Publishing Ltd GCB Bioenergy, 2, 37-44

Renewable Energy Systems: Benefits and Risks (ed. Pimentel D),
pp- 321-356. Springer, New York, NY.

Cangado JED, Saldiva PHN, Pereira LAA et al. (2006) The impact
of sugar cane-burning emissions on the respiratory system of
children and the elderly. Environmental Health Perspectives, 114,
725-729.

Cerri CC (1986) Dindmica da matéria orgdnica do solo no agrossis-
tema cana-de-agiicar. Dissertation. Universidade de Sdo Paulo,
Piracicaba, Brazil.

Cerri CC, Bernoux M, Feller C, Campos DC, de Luca EF
Eschenbrenner V (2004) Canne a sucre et sequestration du carbone.
Academie d’Agriculture de France, Paris.

Centro de Gestdo de Estudos Estratégicos (2004) Awaliagio da
expansdo da producdo de etanol no Brasil. Technical Report,
Centro de gestdo de estudos estratégicos, Brasilia.

Czycza RV (2009) Quantidade e qualidade da matéria orgdnica do
solo em sistemas de colheita com e sem queima da cana-de-agiicar.
Master’s thesis, Universidade de Sao Paulo, Piracicaba, Brazil.

Galdos MYV, Cerri CC, Cerri CEP (2009a) Soil carbon stocks under
burned and unburned sugarcane in Brazil. Geoderma, 153,
347-352.

Galdos MYV, Cerri CC, Cerri CEP, Paustian K, Van Antwerpen R
(2009b) Simulation of soil carbon dynamics under sugarcane
with the CENTURY model. Soil Science Society of America
Journal, 73, 1-10.

Giampietro M, Pimentel D (1990) Assessment of the energetics
of human labor. Agriculture, Ecosystems and Environment, 32,
257-272.

Goldemberg ], Coelho ST, Guardabassi P (2008) The sustainabil-
ity of ethanol production from sugarcane. Energy Policy, 36,
2086-2097.

Hansen J, Sato M, Kharecha P, Russell G, Lea DW, Sidall M (2007)
Climate changes and trace gases. Philosophical Transactions of
the Royal Society, 365, 1925-1954.

Hao X, Kravchenko AN (2007) Management practice effects on
surface soil total carbon: differences along a textural gradient.
Agronomy Journal, 99, 18-26.

Intergovernmental Panel on Climate Change (IPCC) (2006) 2006
IPCC Guidelines for National Greenhouse Gas Inventories,
prepared by the National Greenhouse Gas Inventories Pro-
gramme (eds Eggleston HS, Buendia L, Miwa K, Ngara T,
Tanabe K), IGES, Hayama.

IPCC (2007) Climate change 2007: The physical science basis, con-
tribution of working group I, Il and III to the fourth assessment
report of the IPCC (eds Solomon S et al.), 996 pp. Cambridge
University Press, Cambridge, UK.

Lal R (2004) Carbon emission from farm operations. Environ-
mental International, 30, 981-990.

Larson ED (2006) A review of life-cycle analysis studies on liquid
biofuel systems for the transport sector. Energy for Sustainable
Development, 10, 109-126.

Macedo IC, Seabra JEA, Silva JEAR (2008) Green house gases
emissions in the production and use of ethanol from sugarcane
in Brazil: the 2005/2006 averages and a prediction for 2020.
Biomass and Bioenergy, 32, 582-595.

Nguyen BT, Lehmann ], Kinyangi J, Smernik R, Riha SJ,
Engelhard MH (2009) Long-term black carbon dynamics in
cultivated soil. Biogeochemistry, 92, 163-176.



4 M. V. GALDOS etal.

Pimentel D, Patzek T (2007) Ethanol production: energy and
economic issues related to U.S. and Brazilian sugarcane.
Natural Resources Research, 16, 235-242.

Resende AS, Xavier RP, Oliveira OC, Urquiaga S, Alves BJR,
Boddey RM (2006) Long-term effects of pre-harvest burning
and nitrogen and vinasse applications on yield of sugar cane
and soil carbon and nitrogen stocks on a plantation in
Pernambuco, N.E. Brazil. Plant and Soil, 281, 339-351.

Renewable Fuels Association (2009) Annual World Ethanol Pro-
duction by Country. Available at http://www.ethanolrfa.org/
industry/statistics (accessed December 7, 2009).

Sanhueza E (2009) Potential emissions of Kyoto and non-Kyoto
climate active compounds in the production of sugarcane
ethanol. Interciencia, 34, 8-16.

Six J, Conant RT, Paul EA, Paustian K (2002) Stabilization
mechanisms of soil organic matter: implications for C-satura-
tion of soils. Plant and Soil, 241, 155-176.

Souza ZM, Prado R de M, Paixdao ACS, Cesarin LG (2005)
Sistemas de colheita e manejo de palhada de cana-de-acticar.
Pesquisa Agropecudria Brasileira, 40, 271-278.

Szakacs GGJ (2007) Estoques de carbono e agregados do solo cultivado
com cana-de-agiicar: efeito da palhada e do clima no centro-sul
do Brasil. PhD dissertation, Universidade de Sao Paulo,
Piracicaba, Brazil.

Uniao da Industria de Cana-de-agtcar (2009) Brazilian ethanol
production. Available at http://english.unica.com.br/dados
Cotacao/estatistica (accessed December 7, 2009).

© 2010 Blackwell Publishing Ltd GCB Bioenergy, 2, 37-44


http://www.ethanolrfa.org/industry/statistics
http://www.ethanolrfa.org/industry/statistics
http://english.unica.com.br/dadosCotacao/estatistica
http://english.unica.com.br/dadosCotacao/estatistica

