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Abstract: This work brings a refined estimation of the land use change and derived CO2 emissions
associated with sugarcane cultivation, including changes in management practices and refined land-use
carbon stocks, over the last two decades for Brazil’s center–south and north regions. The analysis was
carried out at the rural property level, considering spatially explicit land conversion data. With the
refinements, we found a net carbon removal of 9.8 TgCO2·yr−1 in sugarcane cultivation areas in the
2000–2020 period, which was due to the expansion of sugarcane over poor quality pastures (55% of
the gross removals), croplands (15%) and mosaic (14%) areas, and the transition from the conventional
burned harvesting to unburned (16%). Moreover, 98.4% of expansion was over existent agricultural areas.
Considering all the land use changes within sugarcane-producing rural properties, the net removal is
even larger, of 17 TgCO2·yr−1, which is due to vegetation recovery. This suggests that public policies
and private control mechanisms might have been effective not only to control deforestation but also
to induce carbon removals associated with sugarcane cultivation. These results indicate sugarcane
production system and derived products as contributors to net carbon removals in the land sector in
Brazil and should be considered for both bioenergy and agricultural sustainability evaluation.

Keywords: LUC; GIS data; MapBiomas; CAR; RenovaBio; carbon removal; ethanol

1. Introduction

Bioenergy is expected to become an important ally in the search for a low-carbon fu-
ture [1–3]. Particularly in Brazil’s case, using modern biomass energy (e.g., liquid biofuels,
bio-refineries which use feedstocks associated with energy plantations, bagasse, and indus-
trial wood residues) is already consolidated, and ethanol will be one of the fundamental
pillars for the country to fulfill the commitments set forth in its Nationally Determined Con-
tribution (NDC) [4]. In this sense, the country instituted its new biofuels policy (known as
RenovaBio—Law 13.576/2017), with a view to advancing an adequate expansion of biofuels
in the energy matrix, ensuring predictability for the market while it induces gains in energy
efficiency and in mitigating greenhouse gas (GHG) emissions in the production chain. Addi-
tionally to proposing policies, it is necessary to consider the effects of land use change (LUC)
in these policies, notably, those associated with sugarcane cultivation and ethanol replacement
of fossil fuels. Of all the sugarcane crushed in the mills in the last 20 years, on average, about
55% were destined for the production of ethanol and 45% were destined for sugar [5,6]; the
other main product derived from sugarcane is the bioelectricity generated with the bagasse
burning, and a small portion of sugarcane is used for animal feed, cachaça (sugarcane spirit),
and sugarcane syrup production (in small factories).

LUC is one of the most relevant topics for sustainability in bioenergy [7] as well as
for any other agricultural origin product. It is estimated that in 2020, emissions per LUC
reached about 3.3 PgCO2, representing 9% of global CO2 emissions [8], and 66% in Brazil [9].
A series of tools were developed to provide LUC estimates to life cycle assessments [10],
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for example, the LUC Impact tool [11], geoFootprint [12], and BRLUC [13]. In general, LUC
estimates are based on Intergovernmental Panel on Climate Change (IPCC) guidelines
for national inventories [10,14]. However, the results of LUC emissions vary considerably
depending on the LUC accounting methodology, the modeling choices, data source, and
spatiotemporal level of analysis [10,15,16]. In Brazil, LUC emissions are very heterogeneous
across the national territory, considering different crops, with a large range, from highly
positive to negative values [10]. Many studies have addressed this issue with a focus on both
direct LUC (dLUC) and indirect LUC (iLUC) associated with sugarcane in Brazil [17,18],
and the results of GHG emission estimates also range widely (e.g., results emissions due to
dLUC ranging from 8.4 to −2.6 MgCo2eq·ha−1 from different versions of two models, as
a consequence of different patterns of land transformation, geographical resolution, and
sugarcane carbon stocks considered [18]). Many of them highlight the role that sustainable
practices and public and private measures can have in mitigating associated LUC GHG
emissions (e.g., Andrade- Junior et al. [19]; Follador et al. [20]).

To align the expansion of energy crops and agriculture, in general, with protecting
natural areas and reducing GHG emissions, Brazil established a set of public policies and
private control mechanisms. Of these, Picoli and Gerber [21] highlight the Low-Carbon
Agriculture Plan (ABC Plan, 2010–2020 cycle, Law 12.167/2009), the new Forestry Code,
including the Rural Environmental Registry (CAR in the Portuguese acronym), and the
Environmental Compliance Program (PRA) (Law 12.651/2012). The ABC Plan provided
rural credit to stimulate low-carbon agricultural practices or technologies focusing on
thematics related, for example, to the recovery of degraded pastures, no-till farming
systems, and adaptation to climate change. The new cycle of ABC Plan, ABC+ (2020–2030)
launched in 2021, also proposes initiatives for an integrated approach to the landscape and
provides funding for the recovery of legally protected areas [22,23]. The new Forestry Code,
the main legal instrument for the protection of native vegetation in Brazil, establishes rules
for safeguarding areas of permanent preservation and remaining native vegetation [24]. The
monitoring unit of the Forestry Code is the CAR: a land registry in which the landowners
declare the boundaries and the environmental information of their private properties. The
PRA corresponds to a set of actions required of rural landowners to ensure compliance
with the legislation (Forestry Code) [24]. The recently revoked Agroecological Zoning of
Sugarcane (ZAE Cana, Decree 6.961/2009) is also relevant, as it established the regions
in which sugarcane could expand in the country with the aid of public rural credit and
excluded the Amazon from it.

In RenovaBio’s case, the issue of LUC is addressed by checking the eligibility of the
rural property from which the raw material originates [25]. To take part in the program,
the biomass cannot be supplied from any suppressed native vegetation after November
2018 nor can it have an inactive CAR [25]. However, other public policies and agreements
established in the context of the sugarcane sector are also worth mentioning, such as São
Paulo State Law 11,241/2002, and the voluntary agreements signed between São Paulo
government and the Sugarcane Industry Association—Agri-Environment protocol in 2007,
and the Green Ethanol Protocol in 2017—which target the progressive elimination of pre-
harvest burning of sugarcane [26]. This represents an important change in sugarcane
management with significant implications for land carbon stock [27,28].

In the last 20 years, the displacement of sugarcane crops over pastures was relevant
in the dynamics of changes in land use in the country [29–31]. Changes in soil carbon
stock in pasture areas converted to sugarcane will depend on soil texture and natural fertil-
ity [32–34] and sugarcane cultivation management (fertilization, raw harvest, maintenance
of straw on the ground, and interval between reforms) [35–37]. Considering that in the year
2000, around 65% of Brazilian pastures were at some stage of degradation, the expansion
of sugarcane has reintegrated degraded pastures into a more productive system, with
increases in the carbon stock being reported in the ground [38,39] and biomass carbon [40].

To reduce uncertainties about LUC emissions estimates, the use of regional data,
based on land use systems, climatic regions, local agriculture management practices, and
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spatially explicit data should be preferred to global or national parameters [14]. Some
studies have been developed to better represent the LUC emissions estimates due to
Brazilian agricultural products [10,12,13,41] that use evidence ranging from national and
state-level data [13] to spatially explicit municipal-level data [10] for a set of crops in the
country. However, improvements can be made by incorporating management practices
and Tier 2 carbon stocks to provide more accurate results of LUC emission due to sugarcane
cultivation including specific carbon stock values for different pasture quality levels, the
dynamics of the use of mechanically harvested sugarcane, and updates of carbon stock
from sugarcane and temporary annual crops. In the context of landowners and bioenergy
producers, the CAR boundary can be a differential and an instrument of monitoring the
LUC associated with their products’ cultivation system and with practices related to the
preservation of natural vegetation or compliance with the legislation over time.

Given the importance of bioenergy for the low-carbon future and this regulatory
context, this study aimed to quantify the land-use change and derived CO2 emissions
associated with sugarcane cultivation, including changes in management practices and
refined land-use carbon stocks factors, over the last two decades in Brazil’s center–south and
north regions. We refined the parametrization of carbon stocks aiming to better represent
the LUC associated with the Brazilian sugarcane expansion pattern, considering aspects
such as (i) quality levels of pastures of the LUC, (ii) history of mechanized harvesting of
sugarcane, and (iii) more accurate and regionalized estimates of carbon stocks in sugarcane
biomass, based on recently available data, for Brazilian regions, besides the adoption of
annual crops carbon stocks of the IPCC [14]. This analysis was performed considering two
scopes: the sugarcane cultivation areas and the rural properties (i.e., CAR) with sugarcane
production. It considered land use, land cover, and land conversion maps produced by
the MapBiomas project. With this, we sought to evaluate the sugarcane LUC footprint
after the implementation of policies and private mechanisms for GHG emissions control
in the sector. These results are also intended to support international efforts for modeling
land use so that they can more adequately reflect the conditions for expanding sugarcane
ethanol production in Brazil.

2. Materials and Methods

The adopted procedure is summarized in Figure 1.
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2.1. Dynamics of Land Use Change

The dynamics of LUC due to sugarcane expansion was evaluated from land use and
land cover maps for the years 2000, 2008, and 2020, and transition maps (2000–2020 and
2008–2020) produced by the Mapbiomas project (Coleção 6.0) [31]. Mapbiomas maps are
produced from the pixel-per-pixel classification of images from the Landsat-5, Landsat-7,
and Landsat-8 satellites, using machine learning algorithms through the Google Earth
Engine platform, and they present an 87.4% global accuracy [31]. The 2000–2020 range
allows estimating emissions due to LUC over a 20-year period, as suggested in IPCC guide-
lines [14,44] and major international protocols on bioenergy [45]. The year 2008 was selected
for being a legal milestone within the main Brazilian environmental legislation—the law
on native vegetation protection [24], and for being a baseline limit for deforestation ac-
cording to criteria for the sustainable production of biofuels such as the Renewable Energy
Directive (RED II) [46] and the Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA) [47]. In addition to allowing an analysis of the effects of vegetation
preservation policies on changes in land use in the CARs, the 2008–2020 evaluation also
allows identifying the influence of changes in sugarcane management and the variation in
the quality of pastures over time on LUC emission estimates.

Pasture quality maps [31] were also used for assessing pasture quality levels in each
evaluated year. The available data characterize the pastures according to vegetative vigor
index (NDVI) values, which reflect quality pastures in three levels: (i) Severely Degraded,
(ii) Moderately Degraded, and (iii) Pasture with no Signs of Degradation [31,48,49]. These
degradation levels are equivalent to those of the IPCC [44,50].

2.2. Selecting the Study Areas

The study area includes rural properties from the CAR with sugarcane cultivation
in 2020, according to MapBiomas data, which are located in the Brazilian states in the
center–south portion of the country, and in the two states in the north region with sugar-
cane cultivation in 2020. The center–south region represents 90.7% of the area covered by
sugarcane in Brazil and accounts for 93% of the national sugarcane and ethanol produc-
tion [51,52]. The north region, despite sugarcane occurrence, contributes only 0.5% of the
national sugarcane area and production [51]. The states in the northeast region were not
considered in the analysis, which despite having 8.8% of the area covered by sugarcane in
the country is a crop retraction region with a 17% reduction in area in 2000–2020 [51].

The states assessed in the country’s center–south region are São Paulo (SP), Minas
Gerais (MG), Paraná (PR), Espírito Santo (ES), Mato Grosso (MT), Mato Grosso do Sul (MS),
Goiás (GO); and in the north region, Amazonas (AM) and Tocantins (TO) (Figure 2). The
other states belonging to these regions and not mentioned here had no sugarcane areas in
2020, according to MapBiomas [31].

The spatial distribution of the CARs was obtained from Imaflora [42]. CAR, a geo-
database that represents the boundaries of each private property in Brazil, is a legal in-
strument for supporting environmental compliance of properties following the Brazilian
Forest Law [53]. The CAR database was verified and treated by cleaning up duplicate
polygons and excluding overlapping areas, prioritizing property records with the most
recent approval date, according to Sicar [54].

CAR data were combined with the sugarcane area mapped in 2020 [31]. After crossing
these, new CARs were excluded from the analysis according to the following criteria:
(i) CARs with a mapped sugarcane area of less than 2 hectares; (ii) CARs whose area
mapped with sugarcane, according to MapBiomas, was formed by small scattered pixels,
which did not represent a sugarcane plot profile, or which, based on a visual assessment,
were identified as mistakenly mapped as sugarcane by automatic land use classification;
and (iii) CARs located in municipalities that have no sugarcane production, according to
the official source for national agricultural production [51]. The excluded areas represent
approximately 0.5% of the sugarcane area mapped by MapBiomas within the CARs in the
considered states (see maps with the location of excluded CARs in Supplementary Mate-
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rial S1). In addition, around 1.5% of the areas mapped with sugarcane in the center–south
did not have CARs associated with them and, therefore, they were not considered in the
analysis. All procedures were performed using ArcGIS 10.8 and QGIS 3.22 software.
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(SP), Minas Gerais (MG), Paraná (PR), Espírito Santo (ES), Mato Grosso (MT), Mato Grosso do Sul
(MS), Goiás (GO), Amazonas (AM) and Tocantins (TO).

The total area of the evaluated CARs with sugarcane in 2020 is 16.7 Mha and comprises
more than 108,000 rural properties located mainly in São Paulo (55%, in area), Minas Gerais
and Goiás (13%), and Mato Grosso do Sul (9%) states, with predominance of the Atlantic
Forest and Cerrado biomes. Figure 2 shows the location of the properties.

The MapBiomas sugarcane areas (in 2020) were compared with spatialized data
of sugarcane plots provided by the industry for 2020, corresponding to 1,330,000 ha of
sugarcane [43]. The MapBiomas LUC dynamics of the selected CARs was also compared
with the LUC dynamics seen in the CARs provided by the company (an area of 2,246,000 ha,
corresponding to 13% of the total analyzed area) [43].

2.3. Carbon Stocks Data

The carbon pools considered were the soil organic carbon stock (SOC) and the biomass
carbon stocks (Cveg) (Equation (1)). Carbon stock data (SOC + Cveg) from the BRLUC
method, version 2.0 [10] were used as a reference, which provides calculated carbon stocks
for six categories of land use (Temporary crops; Permanent crops; Sugarcane; Pasture;
Planted forests; Natural vegetation), for all 558 Brazilian micro-regions (administrative
limits defined by the Brazilian Institute of Geography and Statistics, IBGE, in the Portuguese
acronym, comprising a set of contiguous municipalities). To account for the carbon stock
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of the aforementioned land use categories, Garofalo et al. [10] point out that the BRLUC
method employs data from the following sources: soil organic carbon stock reference
(SOCref) under native vegetation by Bernoux et al. [55]; soil carbon stock change factors
(land use factor—FLU, management factor—FMG, and input factor—FI) from the IPCC
mboxciteB14-land-2212293,B44-land-2212293; Cveg of crops and agricultural uses of the
European Commission [56]; and Cveg of past vegetation (phytophysiognomies) of Brazilian
biomes [57] (Equations (1) and (2)).

Total carbon stock
(

MgC·ha−1
)
= SOC + Cveg (1)

SOC
(

MgC·ha−1
)
= SOCref × FLU × FMG × FI (2)

where
Cveg (MgC·ha−1): biomass carbon stocks which includes above-ground biomass

(AGB); below-ground biomass (BGB); and dead organic matter (DOM);
FLU (MgC·ha−1): land use factor, which reflects changes in carbon stock associated

with land use type;
FMG (MgC·ha−1): management factor, which in agricultural land represents different

types of tillage;
FI (MgC·ha−1): input factor, which represents different levels of crop residue inputs.
Table 1 shows the correspondence between the classes in MapBiomas Collection 6

with the classes in BRLUC 2.0 together with the renamed classes for this study.

Table 1. MapBiomas class grouping and correspondence with BRLUC 2.0.

MapBiomas Classes—Col. 6 BRLUC 2.0 Classes Adopted Classes

1.1. Forest Formation Unspecified, natural Natural Vegetation
1.2. Savanna Formation Unspecified, natural Natural Vegetation
1.2. Mangrove Unspecified, natural Natural Vegetation
1.4. Wooded Restinga Unspecified, natural Natural Vegetation
2.1. Wetlands Unspecified, natural Natural Vegetation
2.2. Grassland Unspecified, natural Natural Vegetation
2.3. Salt Flat Unspecified, natural Natural Vegetation
2.4. Rocky Outcrop Unspecified, natural Others
2.5. Other non-Forest Formations Unspecified, natural Natural Vegetation
3.1. Pasture Planted pastures Pasture
3.2.1.1. Soybean Soybean Temporary Crop
3.2.1.2. Sugarcane Arable, sugarcane Sugarcane
3.2.1.3. Rice Temporary crop Temporary Crop
3.2.1.4. Other temporary Crops Temporary crop Temporary Crop
3.2.2.1. Coffee Permanent crops Perennial Crop
3.2.2.2. Citrus Permanent crops Perennial Crop
3.2.2.3. Other Perennial Crop Permanent crops Perennial Crop
3.2. Forest Plantation Forestry Forest Plantation
3.4. Mosaic of Agriculture and Pasture - Mosaic
4.1. Beach, Dune and Sand Spot - Others
4.2. Urban Area - Others
4.3. Mining - Others
4.4. Other no-Vegetation Areas - Others
5.1. River, Lake and Ocean - Others
5.2. Aquaculture - Others
6. Not Observed - Others

This way, the carbon stock data for the different land uses in the BRLUC 2.0 method
were adopted for the land uses and land covers of the analyzed CARs, assuming for them
the carbon stock of the respective microregion in which each CAR is registered in addition
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to the carbon stock calculated for the “Mosaic” and “Other” use classes, as described in the
description of the Parametrization A below.

2.3.1. Refinement of carbon Stocks

Although Garofalo et al. [10] made several improvements to the BRLUC method
in version 2.0 compared to the previous version (v. 1.3), the authors pointed out some
limitations and possible improvements of the method, such as the incorporation of Tier
2 carbon stocks and management practices associated with crop and planted pasture areas.

In the case of planted pastures, the BRLUC 2.0 method assumes that both in the
initial and final years of the analysis, all planted pastures in Brazil showed moderate
degradation, assuming that this is the most common condition in Brazil based on studies
by Brazil [57], Dias-Filho [58] and Ferreira et al. [59]. BRLUC 2.0 adopts the FMG factors
of the IPCC [14,44] for calculating the SOC in moderately degraded pastures. However,
according to data from MapBiomas’ Pasture Quality [31], in 2000, there were 150 Mha
of cultivated pastures in Brazil (disregarding the Pampas Biome), with 35% classified
as severely degraded, 40% classified as moderately degraded and 25% classified as not
degraded. In 2020, cultivated pastures already covered 152 Mha, and the qualification
percentages of pastures were 22%, 41%, and 37%, respectively [31].

Regarding sugarcane cultivation in Brazil, BRLUC 2.0 adopts the premise that except
for Brazil’s northeast region, the entire sugarcane area is harvested mechanically, assuming
this to be the most common condition in the country’s center–south, based on the work of
Santos [60] and Santos et al. [61]. BRLUC 2.0 adopts the FI of the IPCC [14,44] referring to
the high input of crop residues, without manure, both for the initial year and for the final
year of the period. However, data from the National Supply Company [62] show that in
2007, only 28% of the sugarcane cultivated in Brazil’s center–south region was harvested
mechanically, increasing this figure to 97% in 2020.

Another point to be highlighted regarding the assumptions adopted for sugarcane and
temporary crops in BRLUC 2.0 refers to the adopted default values for Cveg of 5 MgC·ha−1

for sugarcane and of 0 MgC·ha−1 for temporary crops based on European Commission
guidelines [56]. For sugarcane, Nogueira et al. [40] obtained high values of carbon stock
biomass based on stalks fresh yield (SFY, equivalent to sugarcane productivity), which
were refined in the present study.

In view of the above notes, four different carbon stocks parametrization were consid-
ered in the analyses of this study:

1. Parametrization A—Default for pastures: Moderately degraded pastures;
2. Parametrization B—Pasture quality levels;
3. Parametrization C—Pasture quality levels and history of mechanized harvesting;
4. Parametrization D—Pasture quality levels, history of mechanized harvesting, refine-

ment of sugarcane biomass carbon stock, and adoption of annual crops biomass carbon
stock from the IPCC [14].

Thus, carbon stock refinements made only for pasture, sugarcane, and annual crop uses
are justified by the fact that these uses correspond to more than 80% of the area analyzed in
the years 2000, 2008 and 2020. On the other hand, natural vegetation corresponds to 15%.
In addition, vegetation’s carbon stocks in the BRLUC 2.0 method have already undergone a
thorough refinement, considering the weighted average of the carbon stock of the different
Phyto-physiognomies by biome for each of the 558 Brazilian microregions [10].

Parametrization A—Default for Pastures: Moderately Degraded Pastures

In this parametrization, the original carbon stock values from six different land uses of
the BRLUC 2.0 method are adopted [10].

For the Mosaic of Agriculture and Pastureland use classes, the BRLUC method does
not have carbon stock data. The Mosaic class of MapBiomas corresponds to areas where it
was not possible to distinguish whether the area corresponded to agriculture or pasture.
For this class, an estimate of the carbon stock was made. The estimate of the carbon stock of
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the Mosaic class of each CAR considered the area covered by the temporary crop, perennial
crop, sugarcane and pasture classes in each CAR, and the carbon stock of these classes
in the micro-region where the CAR is located. Thus, the weighted average of stock was
calculated, using (i) the percentage of area covered by the temporary crop, perennial crop,
sugarcane and pasture classes in each CAR, comparing the combined area of these four
classes together in the respective CAR, and (ii) the carbon stock value of each of these four
land use classes in the micro-region where the CAR is located (Supplementary Material S3).
If the CAR did not indicate any of these classes, but only the Mosaic class, the average
carbon stock of these four classes of the corresponding CAR was assigned. For the Other
Uses class, referring to the grouping of the “Urbanized Infrastructure”, “Mining”, “Other
Non-Vegetated Areas” and “River, Lake, and Ocean” MapBiomas classes, a stock value
of carbon equal to 0 (zero) was assigned based on chapter 9 (Other Land) of volume 4 of
the IPCC Guidelines [14,44]. The total carbon stock for all parametrizations is shown in
Supplementary Material S3.

Parametrization B—Pasture Quality Levels

In this parametrization, pasture quality levels [31] were considered for calculating a
new pasture carbon stock value. To this end, based on the carbon stock sheet of the BRLUC
2.0 method, the carbon stock values for “non-degraded” and “severely degraded” pastures
were calculated, adopting the FMG factors of the IPCC [14,44] regarding management
options classified as non-degraded and severely degraded, respectively (Supplementary
Material S2, and Equation (2)). Then, the percentage covered by each of the three pasture
quality levels was analyzed against the total pasture area in each CAR for the years 2000,
2008 and 2020. Subsequently, the carbon stock of pastures in each CAR was calculated
based on the weighted average between (i) the percentage covered by each pasture quality
level in each CAR and (ii) the carbon stock value for each pasture quality level of the
micro-region where the CAR is located.

Parametrization C—Pasture Quality Levels and History of Mechanized Harvesting

In this parametrization, the same assumptions as in the previous parametrization
are adopted, including the assumption that the dynamics of the use of mechanically har-
vested sugarcane is variable in the analyzed years (2000–2008–2020) and among Brazilian
states. For this purpose, the soil carbon stock values of mechanically harvested (raw sug-
arcane) and manually harvested (burned sugarcane) soil were calculated, adopting IPCC
FI factors [14,44] related to input options classified as High (without manure) and Low,
respectively (Supplementary Material S2, and Equation (2)). For this purpose, percentage
data referring to the harvesting system by the federative unit from Conab’s Sugarcane
Harvest Bulletin [62] were used for the years 2008 and 2020. For the year 2000, the values
presented by Packer et al. [63] in the Reference Report—Agricultural Sector, Agricultural
Waste Burning, from the Third Brazilian Inventory of Anthropogenic Emissions and Re-
movals of Greenhouse Gases, were incorporated. Subsequently, the calculation of the
sugarcane carbon stock in each CAR was made based on the weighted average between
(i) the percentage harvested by each harvesting system in each CAR, based on state values,
and (ii) the value of the average carbon stock for each harvesting system in the micro-region
where the CAR is located.

Parametrization D—Pasture Quality Levels, History of Mechanized Harvesting, Refinement
of Sugarcane Biomass Carbon Stock, and Adoption of Annual Crops Biomass Carbon Stock
from the IPCC [14]

For composing parametrization D, in addition to the assumptions adopted in parametriza-
tion C, an update of carbon stock from sugarcane biomass was included, and the temporary
annual crops carbon stock was also assumed from the IPCC [14]. The carbon stock of sug-
arcane biomass (CBsugarcane), calculated in MgC·ha−1·yr−1, was based on the study by
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Embrapa Environment, using IPCC [14], Carré et al. [64] and Nogueira et al. [40] guidelines,
according to the following equation:

CBsugarcane = [(AGB × CAGB) + (BGB × CBGB)]× 0.5 + (DOM × CDOM × 0.65) (3)

where
AGB = 0.36 (±0,003) ∗ SFY, based on Gava et al. [65]; Franco et al. [66]; Franco et al. [67];

Franco et al. [68]; Cherubin et al. [69] and Cabral et al. [70];
CAGB (AGB carbon content) = 46.0%, considering Embrapa Environment laborato-

rial database;
BGB = 0.14 (±0.011) ∗ AGB, based on Franco et al. [66]; Franco et al. [67]; Cabral et al. [71];

Otto et al. [72]; Vieira-Megda et al. [73] and Melo et al. [74];
CBGB (BGB carbon content) = 40.3%, considering Embrapa Environment laborato-

rial database;
DOM = 0.15 (±0.002) ∗ SFY, based on Gava et al. [65]; Franco et al. [66]; Franco et al. [67];

Carvalho et al. [75]; Landell et al. [76]; Menandro et al. [77]; Bordonal et al. [78]; Cas-
tioni et al. [79]; Cabral et al. [70]; Melo et al. [74] and Castro et al. [80];

CDOM (DOM carbon content) = 46.7%, considering Embrapa Environment laborato-
rial database;

0.50 = the factor that’ represents the sugarcane growth curve, using the logistic
model [81].

0.65 = the factor that represents DOM’s continuity on the soil surface [40].
SFY values were estimated for each of the 558 micro-regions in Brazil based on sugar-

cane information for the years 2011 to 2020, according to the IBGE [51].
The carbon stock values for annual temporary crop biomass for the Brazilian regions

were updated according to the default value of 4.7 MgC·ha−1, according to the IPCC [14].

2.3.2. Carbon Stock Balance

The carbon stock balance was calculated following the IPCC’s stock-difference method [14]
and default 20-year amortization period [45]. It was performed to the LUC that occurred in
the 20-year period (2000–2020) and after 2008 (2008–2020) for each CAR and with the four
different parametrizations. The equations adopted were retrieved from RED II [46] and
based on IPCC 2006 general guidelines [44],

Te = (CSR − CSA)×
(

44
12

)
×

(
1
20

)
(4)

Et = Te × A (5)

where
Te (MgCO2·ha−1·yr−1): annual CO2 emission rate from changes in carbon stock due

to LUC within each CAR and at the state level;
Et (MgCO2·yr−1): absolute annual CO2 emissions from changes in carbon stock due

to LUC within each CAR and at the state level;
CSR: carbon stock associated with land use in the initial year of the analysis period

(MgC·ha−1, including soil and biomass);
CSA: carbon stock associated with land use in the final year of the analysis period

(MgC·ha−1, including soil and biomass);
A: land use class area in the final year of the analyzed period (e.g., sugarcane area

in 2020);
44/12 = the fraction corresponding to the molecular weight of CO2 (44 g·mol−1)

divided by the molecular weight of carbon (12 g·mol−1), used for converting emission
into CO2.

1/20 = annualization by IPCC’s default 20-year amortization period [45].
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2.4. Direct LUC Contribution to the Ethanol Carbon Footprint

Based on the emission/removal carbon exclusively associated with sugarcane dLUC
in the CARs, for each parametrization, we estimated the contribution of the dLUC to the
ethanol carbon footprint, based on an average emission between anhydrous and hydrated
ethanol, which was quantified according to the following equation:

dLUC contribution to ethanol carbon footprint
(

gCO2eq
MJethanol

)
=

[
Emission/removal CLUC_sugarcane × 55.78%
(ProdAN × LHVAN) + (ProdHY × LHVHY)

]
× 106 (6)

where
Emission/removal CLUC_sugarcane (MgCO2): emission/removal carbon exclusively

associated with sugarcane LUC in the CARs in each parametrization;
55.78%: percentage of sugarcane destinated to ethanol production during 2000/2001 and

2020/2021 harvest seasons (estimated based on the total sugar production (of 584,854,015,000 kg)
and ethanol production in the states evaluated during 2000–2021 [5], and ATR values (for
anhydrous ethanol, ATRAN: 1.7651 (kgATR·LAN

−1); for hydrated ethanol, ATRHY: 1.6913
(kgATR·LHY

−1); for sugar, ATRsugar: 1.0495 (kgATR·kg −1) [6]);
ProdAN (l): total production of anhydrous ethanol during 2000/2001 and 2020/2021

harvest seasons in the states evaluated (174,585,481,000 L) [5];
ProdHY (l): total production of hydrated ethanol during 2000/2001 and 2020/2021

harvest seasons in the states evaluated (275,533,102,000 L) [5];
LHVAN (MJ·L−1) = 22.35, considering the low heating value of anhydrous ethanol

(28.26 MJ·kg−1) and the specific mass of anhydrous ethanol (0.791 kg·L−1) [82];
LHVHY (MJ·L−1) = 21.34, considering the low heating value of hydrated ethanol

(26.38 MJ·kg−1) and the specific mass of hydrated ethanol (0.809 kg·L−1) [82].
The production of electricity by the sector was disregarded in this calculation.
For the estimation of ethanol mitigation compared to gasoline substitute, we also con-

sidered the typical carbon intensity (CI) for RenovaBio’s initial decarbonization certificates
(CBios) targets (for anhydrous ethanol, CIAN: 20.51(gCO2eq·MJ−1), for hydrated ethanol,
CIHY: 20.79 (gCO2eq·MJ−1) [83]); the gasoline emission of 87.4 (gCO2eeq·MJ−1) [82]; and
the ethanol production (2020/2021) in the states considered in this study (9.77 million liters
of anhydrous and 19.87 million liters of hydrated) [5].

3. Results and Discussions
3.1. History of Land Use, LUC, and Pasture Quality

From 2000 to 2020, sugarcane expanded by over 6.06 Mha in the center–south and
north regions of Brazil, totaling 8.45 Mha in 2020 (Figure 3). A correspondence of 84.7% was
observed between the areas mapped as “sugarcane” according to Mapbiomas, in 2020, and
the spatialized sugarcane data provided by the industry [43], which was in accordance with
the accuracy of the MapBiomas mapping (accuracies of 75% and 85.5% in the Cerrado and
Atlantic Forest biomes [31], respectively, where the spatialized sugarcane data provided
by the industry [43] are inserted); the other sugarcane areas provided by the industry
were predominantly classified as Mosaic by MapBiomas (see Supplementary Material S1,
Figure S4, for more information). In 2000, 92% of the crop area was concentrated in
São Paulo state and, over the period, participation of the remaining states increased,
with Minas Gerais, Mato Grosso do Sul, and Goiás accounting for 27% of the sugarcane
area seen in 2020. Figure 3 shows the LUC dynamics for the entire evaluated area (see
Supplementary Material S1 for details of land uses by state and discretized according to
MapBiomas classes). Concomitantly with sugarcane expansion (6.06 Mha), a reduction
of 5.47 Mha of pasture areas and 756,000 ha of temporary crops was observed in the
total area of the rural properties with sugarcane cultivation (Figure 3b); the cultivation of
perennial crops and forest plantation increased in the evaluated CARs, although it was less
representative in terms of area than the dynamics of other land uses observed (Figure 3b).
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The natural vegetation (forest and savanna formation, grassland, and wetland) area
totaled 2.3 Mha in the CARs, showing a slight variation throughout (−0.3%) the entire
period (see Table S4). However, the profile varied according to vegetation formation, with
a 124,000 ha increase in the Forest formation, and a reduction in the savanna (−120,000 ha),
grassland (−3.4), and wetland (−6.7) formations. The suppression of natural vegetation
occurred mainly between 2000 and 2008: a period which preceded public policies and
mechanisms for protecting vegetation such as the Atlantic Forest Law (2006), the ZAE-Cana
(2009), and the new Forestry Code (2012). According to current environmental legislation
(Law 12.651/2012), properties must maintain an area covered by native vegetation as a
Legal Reserve (RL, in the Portuguese acronym) that corresponds to 20% of the area of
properties located outside the Legal Amazon (as is the case of 97% of the analyzed area). In
the evaluated CARs, the total percentage of natural vegetation was 13.8%. It is noteworthy
that the minimum legal requirement for restoring vegetation depends on factors such as
the size of the property and the date on which deforestation occurred. It is estimated
that around 70% of the CARs evaluated, which correspond to around 15% of the total
area, are small properties and, for these cases, if the property did not meet the lower limit
stipulated for RL already in 2008, the owner is exempt from having to recover the RL
liability and is obliged only to meet the requirements regarding Permanent Protection
Areas (riparian forests, hilltops, springs), while any new deforestation is prohibited. For
larger properties, which it is estimated to comprise around 85% of the total area evaluated),
in addition to producers being able to choose to recompose the RL within the property
itself, there are also options to fulfill the RL liability in other properties located in the same
biome, or, when possible, allow the vegetation’s natural regeneration. That is, even if there
is an environmental liability, there may be adaptation processes in progress that are not
necessarily captured by the assessment of the LUC found in the CARs. The federal law
must also be complemented by state regulations that establish deadlines for adaptation,
indicating that the recovery process of the areas may be in progress and there is still room
for recovery of additional areas.

Figure 4 shows the LUC seen within the rural properties (CARs) with sugarcane cul-
tivation (including areas currently not covered by sugarcane), while Figure 5 informs the
distribution of LUC associated only with the areas covered by sugarcane in 2020 by state. The
main LUC seen in the CARs was the transition from pasture and mosaic to sugarcane and from
pasture to mosaic (Figure 4). The share of areas that remained covered with sugarcane was
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25% in the 2000–2020 period and 53% in 2008–2020 (Figure 5, see Supplementary Material S1,
Tables S6 and S7). As of 2008, the maintenance and regeneration of natural vegetation areas
in the CARs area were observed (Figure 4). Less than 1.6% of the areas currently covered
by sugarcane were natural vegetation in 2000, and less than 0.9% were natural in 2008
(Table S5); 43% of these dynamics (sugarcane to natural vegetation) occurred before 2008
(Figure 4), and it is not possible to discriminate between legal or illegal. The transition
from sugarcane areas to natural vegetation was also observed, mainly from 2008 onwards
(Figure 4, Table S5). This indicates that producers might have progressively been concerned
with their properties’ environmental adequacy. The concern regarding compliance with the
Forest Code, the adoption of measures to offset legal deficits, and the maintenance of vege-
tation areas in accordance with the standards required by the law on sugarcane-producing
farms have been reported in other regional studies [84–86]. Consequently, such results
also indicate that regulatory mechanisms have possibly contributed to turning sugarcane
production increasingly sustainable. Although the RenovaBio policy was established from
2018, which is a timeframe that was not evaluated in this work, it is expected that the trend
toward reducing suppression and increasing natural forest vegetation recovery seen after
2008 is intensifying in view of the need to produce the raw material only in areas without
native vegetation suppression after 2018 and from CARs complying with the new Forest
Code for the biofuel to be eligible [25].
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south and north regions, during the 2000–2020 and 2008–2020 periods. All detailed LUCs are
presented in Supplementary Material S1.

In both periods, the advance of sugarcane over pasture areas was predominant, al-
though it has decreased over time from 60% in 2000–2020 to 44% in 2008–2020 (percentage
excluding areas that remained as sugarcane). On the other hand, in addition to the increase
in mosaic areas in general, in states such as Mato Grosso, Goiás, and Tocantins, there is also
a transition from temporary crops to sugarcane (more than 30% of LUC) mainly during the
2008–2020 period (Figure 5). Minas Gerais, Goiás, and Mato Grosso do Sul states represent
new frontiers for expanding bioenergy crops, and they have pasture and annual crop areas
suitable for sugarcane production as well as for corn and soybeans [87,88].
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Figure 5. LUCs observed in areas of sugarcane cultivation during (a) 2000–2020 and (b) 2008–2020
periods in the main producing states. Sugarcane areas in the states of ES, TO, and AM are not
shown as they contribute less than 0.2% of the total area of sugarcane in 2020. For details, see
Tables S6 and S7.

Sugarcane cultivation areas and associated CARs also showed a large expansion over
pasture areas with severe and moderate degradation. There is also a relative increase in non-
degraded pastures within the CARs compared with the other levels of quality (Figure 6).
The area of degraded pastures in the first periods, 2000 and 2008, was much greater than in
2020. Figure 6c,d spatially represent the pasture quality level in the years 2000 and 2020
in the CARs in the states with the greatest sugarcane expansion. In 2020, not only did the
remaining pastures without degradation exceed the severely degraded pastures but also
some pastures with signs of degradation had their quality recovered mainly in states such
as Goiás, Minas Gerais, and Mato Grosso; in São Paulo state, pasture recovery took place
mainly in 2000–2008.

The practice of burning sugarcane for harvest has considerably reduced over time.
It went from 84.2 to 10.6% in 2000–2020 in Brazil [62,63], which is an 87.4% reduction
(Supplementary material S1, Table S8). Since 2009/2010, the green harvest corresponds to
more than 50% of the sugarcane harvest in the center–south of Brazil, achieving levels of
98.47% in 2022/2023 [62]. An important factor associated with that is the implementation
of legislation and voluntary agreements signed in São Paulo state (São Paulo State Law
11,241/2002, the Agri-Environment protocol, in 2007, and the Green Ethanol Protocol, in
2017, as previously mentioned). Based on this legislation, it is expected that the practice of
burning keep reducing to 100% in the future.
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Figure 6. Area (a) and share (b) of pastures classified according to quality level within the sugarcane-
producing CARs in the years 2000, 2008 and 2020. Location and shares (pie charts) of pasture area
by quality levels are shown for years (c) 2000 and (d) 2020. Only pasture areas within the CARs
are shown.

3.2. CO2 Emissions Associated with Direct Land Use Change

CO2 emissions were estimated also considering the two scopes: first, exclusively to
the sugarcane cultivation areas and second, to all land uses and land covers present in the
sugarcane-producing CARs in the center–south and north regions of Brazil. Refining the
management practices and carbon stocks of the pasture, sugarcane and temporary crop
classes had significant impacts on the estimates of CO2 emissions from LUC associated
with sugarcane. Actually, they went from emission (parametrization A) to carbon removal
(parametrizations B–D) during both evaluated periods.

Figures 7 and 8 show, respectively, the effects on relative and absolute CO2 emissions
associated with LUCs due to sugarcane cultivation within CARs for parametrizations
A to D, both for the center–south and north regions, when broken down by state. For
comparison, the results for the LUC due to sugarcane cultivation all over Brazil and in the
selected states according to the BRLUC 2.0 [10] are also presented, and they were similar to
the values obtained for the parametrization A in the CARs.
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Figure 7. Annual CO2 emission rates associated with LUC due to sugarcane, estimated in each
parametrization in the center–south and north regions of Brazil and in the analyzed states, in the
periods (a) 2000–2020 and (b) 2008–2020. The BRLUC 2.0 LUC emission rate data correspond to the
default value for sugarcane all over Brazil, not just in the center–south, according to Garofalo et al. [10].
It is shown only for the period 2000–2020, as BRLUC data for 2008–2020 are not available.

Between parametrizations A and D, in relative terms, the variation in the amplitude
of the annual emission rate of LUC from sugarcane in Brazil’s center–south/north was
−1.42 MgCO2·ha−1·yr−1 (from 0.26 to −1.16) in 2000–2020 and −0.92 MgCO2·ha−1·yr−1 in
2008–2020 (Figure 7 and Table 2). For the full period (2000–2020), the refinement in biomass
stock and pasture quality had the greatest influence on the results. The exclusive effect of
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biomass stock (parametrization D) was responsible for 46% of the reductions and pasture
quality level (parametrization B) was responsible for 37%. The gradual consolidation
of mechanized harvest (parametrization C) contributed to 17% of carbon removal in the
whole period. After 2008, the mechanization profile became the greatest contributor to
reducing emission rates (43%), which was followed by biomass carbon stock refinement
(35%; Table 2). The reduction in pastures with some degree of degradation from 2000 to
2008 minimizes the effect of this parametrization in the 2008–2020 period.
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The refinement of management practices and carbon stocks is preconized by the main
carbon accounting guidelines (e.g., IPCC [14]; WRI [89]), as it can lead to more accurate
and higher resolution estimates of GHG emissions. The expansion of cropland over poor
quality pastures [90] and the mechanization of sugarcane harvesting [78,91–93] have been
long shown as promising solutions to reduce the carbon footprint of Brazilian agriculture.
However, these management improvements have been rarely accounted for in sugarcane
(e.g., Garofalo et al. [10]) and Brazil (e.g., Brazil [57]) LUC emissions. In addition, biomass
carbon stocks associated with sugarcane are commonly based on oversimplifications, for
example, by using the European Commission [56] value of 5 tC·ha−1 or carbon stocks for
perennial cropland (e.g., Donke et al. [18]).
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Table 2. Sugarcane emission rate in each parametrization step for the center–south/north region of
Brazil based on the LUC; the difference between rates; and the effects of each parametrization on the
range of values from A to D.

Period Sugarcane—Brazil’s
Center–South/North

Emission Rate
(MgCO2·ha−1·yr−1)

Difference with the
Previous Parametrization 1

Impact % on
Amplitude 3

20
00

–2
02

0 A: mod. deg. pasture 0.26 - -
B: pasture quality −0.26 −0.52 2 37% 4

C: mechanized harvest −0.50 −0.24 17%
D: biomass carbon stock −1.16 −0.66 46%
Amplitude between values from A to D −1.43 100%

20
08

–2
02

0 A: mod. deg. pasture 0.11 - -
B: pasture quality −0.09 −0.20 22%
C: mechanized harvest −0.48 −0.39 43%
D: biomass carbon stock −0.81 −0.32 35%
Amplitude between values from A to D −0.92 100%

1 The difference is calculated by the amplitude between the parametrization’s values. For example, 2 the
value −0.52 (parametrization B) corresponds to the difference between −0.26 (parametrization B) and 0.26
(parametrization A). 3 The impact % is calculated by the effects of each parametrization on the range of values from
A to D. For example, 4 the value 37% corresponds to the relation between the difference −0.52 (parametrization B;
fourth column) and the amplitude A—D (−1.43) in 2000–2020 period.

After all refined parametrizations, the emission of dLUC per hectare per year for
sugarcane, for the center–south/north region of Brazil, estimated by parametrization D
for the period 2000–2020 was −1.16 (MgCO2·ha−1·yr−1). This value is much lower than
those of the LUC Impact tool [11], geoFootprint [12], and BRLUC 2.0, which present
dLUC emission values for Brazil for sugarcane of 8.58 (period 1999–2018), 1.3 (period
2000–2016) and 0.33 (period 2000–2019), respectively. Given that this study is based on
more refined management practices and carbon stocks, we suggest that these methods
be reevaluated to incorporate such refinements and thus to represent more accurately
the LUC emissions profile associated with sugarcane in Brazil and the globe. In absolute
terms (Figure 8), for the 2000–2020 period, differences between the values of the LUC
emission rates caused the sugarcane cultivated in this region to go from a total annual
LUC emission of 2.2 TgCO2·yr−1 in parametrization A (2.3 TgCO2·yr−1 with BRLUC 2.0)
to −9.8 in parametrization D (Figure 8). In the results observed for parametrization D
in this period (−9.8 TgCO2·.yr−1), the increases in carbon stocks in areas with sugarcane
cultivation were essentially due to the advance of sugarcane over pasture areas, responsible
for 54.6% of gross removals, which was followed by the contribution of transition to
raw sugarcane (16.4%), temporary crops (15.0%), and mosaic (13.7%) (the net removal
−9.8 corresponds to the sum of the gross removals (−11.5) with gross emissions (1.7)
due to LUC related to sugarcane cultivation between 2000–2020; the percentages showed
above were calculated in relation to the gross removals −11.5 TgCO2·yr−1), see Table S9 in
the Supplementary Material S1 for details). As for the 2008–2020 period, the total annual
CO2 emission from sugarcane LUC changed from 0.9 to −6.8 Tg. In parametrization
A, São Paulo was the state with the highest CO2 emissions from LUC associated with
sugarcane cultivation, and in parametrization D, it became the state with the highest
removal (Figure 8).

When considering all land use changes that occurred in the CARs as a whole and
not just in the current sugarcane areas, we can see the impact of all LUCs on sugarcane-
producing properties (Figure 9). The carbon removal due to maintaining natural vegetation
areas and their increase over the mosaic, sugarcane and pasture classes offset emissions
resulting from the advancement of agricultural classes over natural vegetation (Figure 9).
It is also important to note that changes in parametrization almost did not affect estimates
of carbon removals associated with native vegetation (Figure 9). Thus, even covering
around 15% of the total assessed area, maintaining or recovering natural vegetation areas
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represent significant gains in terms of carbon removal. With the still existing opportunities
for restoring areas in the CARs, gains in terms of removal can be even greater in the future.
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Figure 9. Estimates of absolute annual emissions/removals, in MgCO2·yr−1, due to all LUCs, in
each parametrization, in the sugarcane producing CARs of the center–south and north regions of
Brazil, during (a) 2000–2020 and (b) 2008–2020. The classes shown represent current land use and the
emissions/removals associated with the conversion of LUC to the current land use. For example:
during 2000–2020, all LUC that led to the current natural vegetation area (in green) resulted in a
removal of −5.89 TgCO2·yr−1 in parametrization A.

Garofalo et al. [10] estimated a total emission of 911 TgCO2 associated with Brazilian
agriculture in 2019, which is a value similar to that reported by the Greenhouse Gas
Emission and Removal Estimating System 9 (SEEG) for the year 2020 of 922 TgCO2 from
LUC associated with the agricultural area in Brazil [9]. Considering the areas of all CARs
analyzed in this study and based on parametrization D, the removal of 344 TgCO2 was
observed for the period 2000 to 2020. Divided by 20 years, this would represent an annual
removal of 17 TgCO2·yr−1, which would offset approximately 1.9% of Brazilian LUC
emissions reported in the aforementioned studies.

Figures 10 and 11 show, respectively, the geographical distribution of the absolute
and annual net CO2 emissions/removals rates from LUC associated with the sugarcane
areas for each CAR in 2000–2020. Adopting the CAR as a territorial unit for analyzing LUC
emissions leads to higher levels of resolution than when adopting territorial units such as
states or municipalities. In an analysis that adopts the state level as a territorial unit, for
example, the emission profile of all producers in the state will be the same, so that both
producers who deforested natural vegetation and those who recovered it will have the same
emission rate. When analyzing emissions by CAR, it is found that even in states where a
certain use shows negative emissions in parametrization D, this same use can show positive
emissions in specific CARs and vice versa (Figures 10 and 11). In Figure 10, the highest
concentration of positive values of the annual emission rates associated with sugarcane
occurs in the CARs located in the central portion of São Paulo and in the western portion
of Mato Grosso, which are areas where sugarcane advanced over natural vegetation in the
analyzed period. However, when considering all the direct land use changes that occurred
in the CARs (Figure 11a), the carbon removals end up offsetting sugarcane emissions
in several CARs (Figure 11b). In the short term, there is an expected increase in carbon
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removals due to areas of natural vegetation in the CARs, since the need of complying with
legal requirements for protecting natural vegetation and the properties’ environmental
adequacy (increasing around 6% to achieve 20% of RL) is likely to result in the reduction in
suppression and increasing natural forest vegetation recovery. Another factor to increase
carbon removal would be the increase in sugarcane yields due to future improvements in
management practices, with the adoption of updated genetic material, care for soil quality,
plant health and even water supplementation in opportune areas [94]. The biomass stocks
are based on stalk productivity; the average yield in the center–south was 74.5 t·ha−1 over
the last ten years [51], and sugarcane can exceed values of 80 t·ha−1, with the potential to
achieve three digits [95].
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Based on the net emission/removal carbon associated with sugarcane areas in the
CARs, during 2000–2020, the dLUC effect on ethanol’s carbon footprint represents the
removal of −11.21 gCO2eq·MJ−1 (parametrization D) (Table 3). Therefore, if dLUC is
incorporated into ethanol’s carbon footprint (21 gCO2eq·MJ−1 [83]), a net mitigation of
almost 90% can be obtained when displacing gasoline.

Table 3. CO2 emission/removals due to dLUC in sugarcane cultivation areas and within associated
CARs from 2000 to 2020 and the resulting carbon footprint of ethanol associated with LUC. Data are
shown for each parametrization.

Parametrization A B C D

Emission/removal carbon associated with all LUCs in
the CARs (TgCO2) 8.65 −143.15 −195.37 −344.05

Emission/removal carbon exclusively associated with
sugarcane LUC in the CARs (TgCO2) 44.45 −44.02 −85.10 −196.53

dLUC contribution to ethanol carbon footprint
(g CO2eq·MJ−1) 2.53 −2.51 −4.85 −11.21

As for iLUC, a combined factor, composed of direct and indirect land use changes, is
commonly used in bioenergy programs. However, iLUC cannot be measured but only esti-
mated through complex theoretical models [96,97]. The Low Carbon Fuel Standard (LCFS)
currently holds the iLUC value for sugarcane (about 11.8 gCO2eq·MJ−1) [98]. However, this
value does not consider important elements explored in this paper, such as more accurate
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values of biomass carbon stocks, an increase in carbon stocks due to the mechanization of
sugarcane harvesting and expansion over different pasture degradation levels. Our study
indicates that using geographical information system (GIS) data and refinements in carbon
stock estimations can reduce emissions by about 13 gCO2eq·MJ−1 (from 2.53, parametriza-
tion A, to −11.21 gCO2eq·MJ−1, parametrization D, Table 3) for Brazil. This indicates that
maybe more precise carbon metrics could counterbalance the LUC emissions estimated
within the LCFS, for example. Furthermore, considering the whole carbon dynamics within
the CAR significantly enhances the carbon storage that is under farmers’ control (mostly
because of the increase in forest area within farms).
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In its last NDC, in 2022, Brazil committed to reducing its GHG by 37% (in 2025) and
50% (in 2030), compared with 2005, in addition to achieving climate neutrality by 2050 [4].
The specific goals presented in 2015 include increasing the share of sustainable biofuels in
the Brazilian energy mix to approximately 18% by 2030, strengthening and enforcing the
implementation of the Forest Code and ABC Plan, and restoring an additional 15 million
hectares of degraded pasturelands by 2030 [4]. In contrast to Picoli and Machado [21], our
results suggest that sugarcane expansion during 2000–2020 occurred in synergy or as a
consequence of these policies, which ultimately might have contributed to incentivizing the
control of natural vegetation suppression and inducing carbon stock removals in the CARs.
We suggest that sustainability studies concerned with sugarcane sustainability (e.g., Picoli
and Machado [21]) be re-evaluated in face of the findings reported here.
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Of the 357 plants authorized to produce ethanol, 80% are certified by Renovabio [99]
and, consequently, comply with requirements that their sugarcane areas are not associated
with direct deforestation since 2018. The availability of extensive areas of pastures is also a
promising scenario for the expansion of sugarcane/bioenergy in Brazil [28,87], and 3.1% of
its area would be enough to double the production of ethanol in Brazil [100]. This could
provide an increase in the carbon budget in both soil and biomass [28,38,39], improve the
soil health and soil-related ecosystem services [84,85], and ultimately contribute to meeting
the Brazilian’ goals established in the NDC.

The present results have some limitations that, once overcome, could enhance the
accuracy of the carbon emissions/removals estimates. This study does not include the areas
of sugarcane production in the northeast region, which presents significant differences
between the Brazilian center–south production in terms of the technology level [101].
However, it is reinforced that sugarcane cultivation has suffered a reduction in northeast
states (17% during 2000–2020) and currently contributes with 8.8% of the area covered by
sugarcane in Brazil [51]. It also does not include 1.5% of sugarcane areas that were out
of CARs and sugarcane areas reported by IBGE surveys in center–south and north states
but absent in MapBiomas data (e.g., PA (14,906 in 2020 ha [51]) and RS (14,526 ha) but
with a retraction of 55% during 2000–2020 [51]), as they could not be analyzed with the
paper’s framework. These limitations left 7% of sugarcane production out of the analyses,
according to IBGE data. Another important limitation is the absence of quantification of the
total uncertainty associated with the estimates. Uncertainties can range from a 12.6% global
inaccuracy associated with MapBiomas land use data [31] to a ±75% error associated with
pastures biomass carbon stocks [44]. However, the quantification of all cumulative errors
would require a much more complex framework that could be implemented in future
improvements of this work. The emissions due to other management practices (e.g., use of
fertilization), and the emissions of GHG such as N2O and CH4 [14] were not considered
and can be included in future analyses to improve the estimates, although in work carried
out by Donke et al. [18], these gases accounted for less than 3% of LUC emissions.

4. Conclusions

This work brings a refined estimation of the land-use change and derived CO2 emis-
sions associated with sugarcane cultivation, including changes in management practices
and refined land use carbon stocks over the last two decades for Brazil’s center–south and
north regions. The analysis was carried out at the rural property (CAR) level, considering
spatially explicit land conversion data.

The results indicate that refining management practices and carbon stock parameters
for pastures, sugarcane and temporary crop classes had significant impacts on the esti-
mates of CO2 emissions from LUC, which switched from emissions (2.2 TgCO2·yr−1 in
parametrization A) to carbon removals (up to −9.8 TgCO2·yr−1 in parametrization D) in
the 2000–2020 period. Considering all the LUC within sugarcane-producing CARs, the net
removal is even larger, of −17 TgCO2·yr−1

. In this sense, our work shows the relevance of
a refined parametrization for estimating the behavior of carbon stocks in Brazil, as more
precise carbon metrics can significantly change the conclusions on LUC emissions obtained
in the context of different international sustainability schemes.

Increases in carbon stocks were possible mainly due to the expansion of sugarcane
over degraded pastures and other agricultural land uses, the transition from conventional
burned harvesting to unburned sugarcane harvesting, and a reduced expansion over native
vegetation. This suggests that the policies and private control mechanisms currently in
place might have been adequate not only to control deforestation in the assessed areas but
also to induce a net increase in carbon stocks. Yet, CARs are expected to feature a carbon
surplus in the short-medium term if reforestation requirements are met (in the case of larger
CARs). Furthermore, there are still plenty of degraded pastures suitable for sugarcane
expansion, which could lead to additional carbon removals while also limiting the risk
of iLUC emissions. These results have important repercussions for both modeling the
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sustainability of sugarcane production systems and derived products as well as for policy
designing toward sustainable bioenergy and agricultural production.
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and 2020, in the evaluated states with the highest concentration of CARs; Figure S3. Details of
the main regions where CARs were excluded in the database verification stage of rural properties;
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satellite images) and the location of sugarcane fields provided by the industry; Table S1. Areas of
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