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ABSTRACT

The recognition of bioethanol as a key strategy for mitigating greenhouse gas (GHG) emissions is closely linked to the accuracy of
N, 0 emission factors (EF) used in life cycle assessments. However, previous studies have shown that the default N,O EF values
recommended by the IPCC do not accurately reflect the diverse edaphoclimatic conditions found in Brazil, leading to uncertain-
ties in GHG inventories. Therefore, establishing regional N,O EF is essential for improving the precision of bioethanol emission
estimates. In this study, we conducted a systematic literature review compiling 293 measurements from 45 field studies across
different regions of Brazil. This study focuses on sugarcane (20 studies) and corn (25 studies), which are the primary crops used
for bioethanol production in Brazil. Our findings indicate that the average N,O EF for these crops is 0.72%, lower than the value
reported for the tropics and sub-tropics (1.6%). When analyzed separately, sugarcane showed an average N,O EF of 0.65%, with
higher emissions from the combined use of mineral and organic N fertilizers (0.79%) compared to mineral (0.55%) or organic fer-
tilizers alone (0.77%). For corn, the average N,O EF was 0.84%, with mineral N fertilizers presenting the lowest EF (0.40%), while
emissions increased with the combination of mineral and organic sources (0.82%), reaching the highest levels with pig slurry
application (1.72%). These variations highlight the limitations of using IPCC default values for mineral and organic N fertilizers
in Brazil. Our results reinforce the need for Tier 2 methodologies incorporating region-specific data to enhance GHG inventory
accuracy and support targeted mitigation strategies. Although Brazil's latitudinal range spans tropical and subtropical zones,
regional stratification was not applied due to the limited number of studies within each climate category, especially when further
disaggregated by crop type and N fertilizer source. Despite covering key crops, fertilizer types, and multiple biomes, the current
dataset still lacks representation for important agricultural regions such as Brazil's midwest, north, and northeast regions. This
study represents a significant step toward refining N,O EF estimates for bioethanol crops, contributing to more precise assess-
ments of the sector's climate impact. However, further research is needed to cover underrepresented areas, understand long-term
field dynamics, and evaluate other crop systems and management practices. Future studies should also incorporate modeling
tools and real-time monitoring to reduce uncertainties and support the development of Tier 3 estimates.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Global warming is among the most pressing societal challenges
of the 21st century, driven by rising greenhouse gas (GHG)
emissions from human activities, particularly the combustion
of fossil fuels and changes in land use (IPCC 2022). Therefore,
growing concerns regarding environmental sustainability have
intensified the pursuit of renewable energy sources as viable
alternatives to fossil fuels. In this context, ethanol production
from crops like sugarcane and corn has emerged as a promising
option to reduce GHG emissions and mitigate climate change,
particularly in countries like Brazil and the United States
(Carvalho et al. 2017; Moreira et al. 2020; Cantarella et al. 2023;
Gurgel et al. 2024).

The Brazilian biofuel policy, initiated in the 1970s with the
Prodlcool (National Alcohol Program), combined with the de-
velopment of flex-fuel vehicles in the early 2000s, which cur-
rently represent 79% of the light vehicle fleet in circulation
in Brazil (Anfavea 2025), paved the way for the expansion of
biofuel crops in the country, such as sugarcane (Cantarella
et al. 2023) and, more recently, corn (Moreira et al. 2020;
Gurgel et al. 2024). These advances have positioned Brazil
as one of the world's leading producers and consumers of
bioethanol. The Brazilian Energy Policy Law encourages the
use of bioethanol by requiring the blending of 27% anhydrous
ethanol into gasoline and by the direct consumption of hy-
drated ethanol by flex-fuel vehicles (IEA Bioenergy 2024). In
addition, the Brazilian Biofuel Policy (RenovaBio) promotes
the use of bioethanol by creating decarbonization targets for
fuel distributors, issuing Decarbonization Credits (CBIOs),
and promoting the use of sustainable biofuels (MME 2017).
However, despite these advancements, the environmental
benefits of biofuels are still being debated.

The GHG mitigation potential of ethanol largely depends on ag-
ricultural management practices, particularly the use of nitro-
gen (N) fertilizers, which are a primary source of nitrous oxide
(N,O) emissions, a potent GHG with a global warming potential
273 times greater than CO, (IPCC 2022). N, O is a major contrib-
utor to the life cycle GHG emissions related to ethanol produc-
tion from crops such as corn and sugarcane (Chagas et al. 2016;
Moreira et al. 2020). These emissions are primarily linked to
the use of N-based fertilizers and organic residues, which en-
hance crop yields but also stimulate microbial processes such as
nitrification and denitrification in soils, leading to the release
of N,O (Butterbach-Bahl et al. 2013; Ussiri and Lal 2013). As
N,O emissions are highly influenced by local conditions such
as soil type and climate conditions, establishing regional N,O
emission factors (EF) is a research priority in order to reduce the
uncertainty in the carbon footprint calculation of the biofuels
and their derivatives (Cayuela et al. 2017).

The environmental impacts of biofuel production, including
those associated with major biofuel crops in Brazil, have been
assessed through life cycle assessments (LCA) studies (Chagas
et al. 2016; Cerri et al. 2017; Moreira et al. 2020; Bordonal
et al. 2024). However, these studies estimated GHG emissions
using the default N,O EF proposed by the Intergovernmental
Panel for Climate Change (IPCC), which relies on global average
values (i.e., Tier 1) based on the amount of N fertilizer applied.

These Tier 1 N,O EF values are predominantly derived from
studies conducted in temperate climates and may not accurately
reflect the specific conditions of tropical agricultural systems,
leading to high uncertainties (mostly overestimations) in GHG
emission estimates (Crutzen et al. 2016). Therefore, with the on-
going expansion of bioethanol production in Brazil, it is timely
and strategic to define regional N,O EF that more accurately re-
flect the country's edaphoclimatic conditions and agricultural
practices.

Given this context, we hypothesize that the default N,O EFs
currently used to estimate GHG emissions from Brazil's bio-
energy sector do not adequately represent the country's diverse
edaphoclimatic conditions and agricultural practices, partic-
ularly within sugarcane and corn cropping systems. Based on
that, we conducted a national-scale systematic literature review
to summarize and derive regional N,O EFs for corn and sug-
arcane in Brazil, considering different N fertilizer sources. The
regional N,O EF generated herein will provide an opportunity
for the Brazilian biofuel sector to move from IPCC Tier 1 to Tier
2, thereby reducing uncertainties in the carbon footprint assess-
ments of bioethanol and other bioenergy products derived from
sugarcane and corn across the country.

2 | Material and Methods
2.1 | Literature Search Data Extraction

A comprehensive systematic literature review was conducted to
compile data on direct N,O emissions from Brazilian agricul-
tural soils under sugarcane and corn cultivation. We searched
for studies published until 2024 using two major online data-
bases: Scopus and Web of Science. A broad set of English and
Portuguese keywords was employed to examine titles, abstracts,
and keywords, focusing on studies related to N fertilization
and the addition of organic residues in Brazilian agricultural
systems. The search terms included “nitrous oxide emission,”
“greenhouse gas emission,” “N,O emission,” combined with
corn, maize, sugarcane, and sugar cane (and their variations).

A secondary search was performed to refine the results, exclud-
ing the studies that were not conducted in Brazil. Additionally,
data from the Brazilian digital library of theses and disser-
tations were included. Grey literature, such as technical re-
ports and conference papers, was excluded, while PhD theses
and Master dissertations were included. The entire structured
search methodology is outlined in Figure 1. Bibliometric data
were downloaded from Scopus and Web of Science in .bib format
and in .xlsx format. These datasets were merged, duplicates re-
moved, and relevant bibliometric variables were selected using
the “bibliometrix” package in R software (version 4.2.2, 2022).

The search yielded studies based on the following inclusion
criteria: field data obtained within Brazilian territory, exper-
imental designs including replicates, and either reported N,O
EF or available data on cumulative N,O emissions (when N,O
EF were not provided). This process yielded 293 observa-
tions from 45 publications from 2010 to 2024 (see Supporting
Information S1 and S2), comprising 20 studies on sugarcane and
25 on corn. The selected studies were systematically organized
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FIGURE1 | Flow diagram illustrating the bibliographic research process, detailing the criteria applied.

in an Excel spreadsheet for subsequent data analysis. The geo-
graphical coordinates of each experimental site were extracted
and standardized to the EPSG 4326 reference system, allow-
ing the creation of a map depicting the locations of all stud-
ies (Figure 2). This map was generated using the Mapbiomas
Collection plugin in QGIS 3.28 (QGIS 2014), and the Brazilian
biomes cover shapefile from MapBiomas Collection 7.

The studies assessing N,O emissions in sugarcane areas were
mainly conducted in Sdo Paulo state. The experimental areas
are mostly located within the Atlantic Forest and Cerrado bi-
omes (Figure 2), covering regions classified under the tropical
savanna (Aw) and humid subtropical with dry winter (Cwa) cli-
mate zones.

For corn, the studies encompassed both conventional and no-
till systems and spanned a greater diversity of biomes, including
Cerrado, Atlantic Forest, Amazon, and Pampa. The climate con-
ditions were also more diversified, including tropical savanna
(Aw), humid subtropical with dry winter (Cwa), humid subtrop-
ical (Cfa), oceanic temperate (Cfb), and tropical with dry season
(Awa) (Figure 2).

Most of the studies reported the N,O EFs for each specific treat-
ment. For studies reporting only cumulative N,O emissions, the
N,O EF was calculated using the following equation:

EF (%) = [(Ei — Eo)/N] %100 )

where: EF is the percentage of applied nitrogen fertilizer that
was emitted as N-N,O; Ei is the total N-N,O emitted (in kg N)
from the fertilized sugarcane or corn system; Eo is the total N-
N,O emitted (in kg N) from the unfertilized (control) system; N
is the amount of nitrogen fertilizer applied (in kg N); and 100 is
a conversion factor used to express the resulting fraction as a
percentage (%) (Fan et al. 2022).

2.2 | Overview of Methodological Gaps

We conducted a critical analysis of the methodologies employed
across studies to identify potential improvements that could be
employed in GHG emission assessments. Specifically, we evalu-
ated the sampling methods and GHG measurement techniques
used. We also evaluated the use of field replicates and the num-
ber of sampling points used to adjust the emission curves, as well
as the length of the monitoring periods. All the methodological
data were compiled into an Excel spreadsheet and subsequently
analyzed to determine the total number of occurrences and their
frequency.

2.3 | Statistical Analyses
The effect of different N fertilizers on the N,O EF was evaluated

by organizing and grouping the data according to the different N
sources. Descriptive statistics analysis was performed, including
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FIGURE2 | Location of the study sites included in this analysis. Map colors delineate Brazilian biomes, with yellow and green points representing

corn and sugarcane studies, respectively.

calculations of the mean, minimum, maximum, standard devia-
tion, and confidence intervals.

The N,0 EFs were categorized and presented in boxplot graphs,
where each box represents the distribution of values reported in
the literature. The central line within each box indicates the me-
dian, while the box limits correspond to the interquartile range.
In addition, the mean N,O EF for each category was highlighted
to facilitate comparisons between different fertilizer types. Tier
1 N,O EF values from the IPCC were added in the graphics to
facilitate the comparison with our data.

3 | Results

3.1 | Trajectory of Bioethanol Crop Production
in Brazil

Between 2003 and 2013, sugarcane production in Brazil expe-
rienced significant growth, increasing by 84% from 320 million
tons to approximately 589 million tons (Figure 3a). This expan-
sion has historically supported Brazil's position as one of the
world's leading bioethanol producers, with sugarcane serving as
the primary feedstock for decades. However, sugarcane bioeth-
anol production has stagnated in recent years, while corn-based
bioethanol has emerged as a rapidly growing alternative.

Corn growth has mainly been driven by the increasing adoption
of corn as a second crop in the soybean cultivation system in

the Brazilian savannah (Cerrado biome) and the attractiveness
of the biofuel market. Over the past 10years, Mato Grosso state
has seen the most significant increase in the area dedicated to
second-crop corn, expanding from 3.2 to 7.4 million hectares.
For the 2024/2025 season, Brazil's total corn cultivation area
reached 22.1 million hectares, yielding approximately 119.6 mil-
lion tons of corn grain (CONAB 2024; Figure 3b). Consequently,
the production of corn bioethanol increased from 0.79 billion
to 8 billion liters between the 2018/19 and 2024/25 seasons
(UNEM 2025) (Figure 3c).

According to the National Agency of Petroleum, Natural Gas and
Biofuels (ANP 2024), Brazil currently operates 359 bioethanol
plants utilizing sugarcane and corn as feedstocks (Figure 3d).
While sugarcane bioethanol plants (337) are predominantly lo-
cated in the Central-South and Northeast regions, corn bioethanol
plants (22) are mainly concentrated in the Midwest states (Cerrado
biome), where corn cultivation is most prevalent (UNEM 2025).

3.2 | Methodological Variability and Temporal
Sampling Patterns Across the Studies

The most commonly used method for quantifying N,O emis-
sions was the static chamber technique. In this approach, gas
samples were collected using syringes, stored in vials, and
subsequently analyzed using gas chromatography in labo-
ratory settings. Regarding data collection design, 40% of the
corn studies and 66% of the sugarcane studies used only three
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sampling time points during chamber incubations to construct
and adjust the emission curve for GHG flux calculations.
Additionally, 48% of the corn studies employed four sampling
points. The number of sampling points per incubation is criti-
cal for accurately estimating gas fluxes, as it directly influences
the precision of the emission curve and the reliability of the
calculated N,O fluxes. The interval of each sample was 10 and
15min for most studies. Regarding chamber incubation times,
no study used a period shorter than 30 min. Additionally, most
studies used four or more field replicates, indicating an accept-
able reasonable level of spatial representativeness in their ex-
perimental designs (see Supporting Information S3).

Overall, gas sampling was conducted using a range of tempo-
ral sampling strategies. In many cases, sampling frequency
increased around key events such as N fertilizer application, res-
idue management, and rainfall to capture N,O emission peaks.
In these most relevant events, sampling was performed every 1
to 3days, then continued at regular intervals—weekly, biweekly,
or monthly—towards the end of the cycle. The monitoring du-
ration for corn typically lasted around 90days in most studies,
whereas for sugarcane, monitoring periods often extended be-
yond 6 months. Among the studies, most of the observations for
corn reported N fertilizer rates between 120 and 180kgNha-1,
while for sugarcane, rates ranging from 80 to 120kg N ha=! were
the most frequent.

3.3 | N,O Emission Factors for Bioethanol Crops
in Brazil

The dataset compiled from the selected studies included 293
N,O EF, derived from measurements taken at different ex-
perimental sites across Brazil (Figure 1). The average N,O EF
observed in this study was 0.72% of the N applied (Figure 4).
When focusing only on mineral fertilizers, the average N,O EF
was 0.50%; whereas organic N sources exhibited a higher av-
erage N,O EF of 1.17%. Combining mineral and organic N fer-
tilizers resulted in an average N,O EF of 0.75% (Figure 4). The
application of nitrification inhibitors alongside mineral N fer-
tilizers reduced N,O EF by 70% (0.50% vs. 0.15%); while the use
of nitrification inhibitors with organic N sources reduced 21%
(1.17% vs. 0.92%) and the use of inhibitors in combination with
mineral and organic fertilizers reduced 36% (0.75% vs. 0.48%).

3.4 | N,O Emissions Factors From N Fertilizer
Sources in Sugarcane Fields

For sugarcane, the selected studies (n=20) provided a dataset
of 180 N,O EFs, predominantly based on field measurements in
Southeast Brazil (Figure 2), particularly in Sdo Paulo state within
the Atlantic Forest and Cerrado biomes. However, it is important
to emphasize that the dataset is geographically limited. There is
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a lack of data from key sugarcane-producing regions such as the
Northeast region, as well as from other major production states,
including Goids, Mato Grosso do Sul, Parand, and Mato Grosso.

Considering all N fertilizer sources together, the overall average
N,O EF was 0.65%. Combined applications of mineral and organic
fertilizers resulted in slightly higher average EF (0.79%) com-
pared to mineral (0.55%) or organic (0.77%) fertilizers used alone
(Figure 5a). The application of nitrification inhibitors was asso-
ciated with a lower N,O EF (0.16%) reflecting a ~70% reduction
compared to mineral N fertilizers alone (Figure 5a). For mineral
N fertilizer sources, the application of urea resulted in a higher
N, 0 EF (0.73%) than ammonium nitrate (0.48%), ammonium sul-
fate (0.45%), and calcium ammonium nitrate (0.52%) (Figure 5b).
Organic sources such as vinasse exhibited high variability, with
N,O EF ranging from 0.13% to 3.03% and a mean of 0.94%. When
vinasse or filter cake was applied together with mineral fertilizers,
average N,0 EFs were 0.80% and 0.66%, respectively (Figure 5c).

3.5 | N,O Emissions Factors From N Fertilizer
Sources in Corn Fields

The selected publications (n=25) provided a dataset of 120
N,O EFs from various regions of Brazil, including the South,
Southeast, Central-West, and Northeast (Figure 2). However,
despite covering a broader range of biomes than the sugarcane
studies, the dataset still underrepresents major corn produc-
ing states such as Mato Grosso, Goids, and Mato Grosso do
Sul. Considering all N fertilizer sources, the average N,O EF
was 0.84%. Mineral N fertilizers resulted in a N,O EF of 0.40%,
which was consistently lower than those observed for mineral
and organic N sources combined (0.82%) and for pig slurry
alone (1.72%) (Figure 6a). The addition of nitrification inhibitors

reduced N,O EF to 0.13% (mineral N) and to 0.92% (organic—pig
slurry).

As observed for the sugarcane crop, the N,O EF varied accord-
ing to the N fertilizer sources in the corn data. Urea showed a
higher N,O EF (0.53%) compared to ammonium nitrate (0.41%)
and ammonium sulfate (0.14%) (Figure 6b). For pig slurry, the
EF was 1.72%, with a wide variation from 0.1% to 4.07% of ap-
plied nitrogen, while for the combination of mineral N and pig
slurry, the EF was 1.23%, and with the use of biochar, 0.48%
(Figure 6¢).

4 | Discussion

4.1 | Regional N,O EF for Sugarcane
and Corn Production in Brazil: Variability, Drivers,
and Data Gaps

The mean N,O EF across N fertilizer sources in Brazilian
sugarcane and corn systems was lower than the IPCC default
value. Considering only mineral N fertilizers, the mean N,O
EF value (0.5%) was 69% lower than the 1.6% established by the
IPCC (2019) for tropical/wet climate conditions. Our results
are consistent with those reported in tropical regions, such as
Thailand (Welutung et al. 2023) and China (Aliyu et al. 2019),
where the mean N,O EF was also 0.5%. The mean N,O EF ob-
served in this study (0.72%) was also lower than the 1.2% re-
ported by Albanito et al. (2017) for tropical and subtropical
agricultural systems worldwide. More recently, Cui et al. (2021)
estimated a global mean N,O EF for corn of 1.02%, with values
ranging from 0.08% to 3.77%, highlighting the high variability
of EF across different corn-producing regions. This variability
underscores the importance of considering region-specific EF
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FIGURE 5 | N,O emission factors from N fertilizers and organic residues in sugarcane fields in Brazil. The dashed line represents the values
proposed by the IPCC (2019) for mineral (1.6%) and organic N (0.6%) inputs. Inner black lines in the boxplots represent the median. Numbers and
red dots represent the mean values. n=number of observations. (a) N,O emission factors by N source category: mineral fertilizers, organic residues,
and treatments with nitrification inhibitors (b) N,O emission factors by type of mineral nitrogen source. (c) N,O emission factors by type of organic

residue.

rather than relying on default IPCC values, as emissions can
vary significantly depending on local edaphoclimatic conditions
and management practices.

Our data represent an important step forward in synthesizing
existing literature and deriving regional N,O EFs for sugar-
cane and corn in Brazil. Additionally, our analysis highlights
regions with the greatest data availability, as well as areas
with little or no data coverage. For example, data on sugar-
cane were predominantly concentrated in Sdo Paulo State
(Southeastern Brazil), which alone accounts for 59.7% of na-
tional production (CONAB 2024). This concentration of data
in Sdo Paulo State reflects the proximity of universities and
research institutions with farms and experimental stations
specializing in sugarcane cultivation. Conversely, other major
sugarcane-producing areas, including the states of Goids,
Minas Gerais, Mato Grosso do Sul, Parand, and the northeast
region, are poorly or not represented in the current database.
Brazil is a vast country where sugarcane is cultivated under a
wide range of edaphoclimatic conditions, which significantly
influence soil N,O emissions. A similar scenario was observed
for corn studies. Although studies were relatively more wide-
spread across the Brazilian territory, a notable limitation of
the current dataset is the underrepresentation of the largest
contributors to national corn production, particularly Mato
Grosso, Parand, and Mato Grosso do Sul State. Therefore, al-
though our study represents a step forward in the use of Tier
2 values, the lack of N,O emissions data limits our ability to
extrapolate our findings across the diverse edaphoclimatic
conditions present in the country.

High variability in N,O emission factors was observed for both
sugarcane and corn, depending on the N fertilizer source. The
three main N fertilizers evaluated were urea, ammonium sul-
fate, and ammonium nitrate. Urea exhibited the highest N,0O
EF, followed by ammonium nitrate and ammonium sulfate.
In well-drained Oxisols, the predominant soils used for sug-
arcane and corn production in Brazil, N,O is primarily pro-
duced by ammonia-oxidizing bacteria and archaea through
the nitrification process, in which ammonium (NH,*) is ox-
idized to nitrite (NO,”) and subsequently to nitrate (NO,"),
releasing N,O as a byproduct (Suleiman et al. 2018; Lourenco
et al. 2019; Soares et al. 2016). The predominance of these
microbial communities in Oxisols, combined with the high
aeration and drainage of these soils, enhances nitrification
rates, leading to greater N,O emissions, particularly when N
fertilizers that release large amounts of NH,* (such as urea)
are applied. Consequently, our findings corroborate previous
studies showing that urea application often leads to higher
N,O emissions compared to nitrate-based fertilizers (Snyder
et al. 2014; Soares et al. 2016; Siqueira Neto et al. 2016; Tenuta
and Beauchamp 2011).

However, it is important to note that urea is the primary N
fertilizer used for sugarcane and corn production in Brazil
(Cassim et al. 2024; Cantarella et al. 2018). Therefore, sub-
stituting urea with ammonium-based fertilizers could be a
feasible strategy to further reduce N,O emissions in Brazilian
bioethanol crops. Over the past two decades, N fertilizer in-
puts in sugarcane production have increased significantly,
nearly doubling from 42kgha~! in 2000 to 78 kgha~! in 2020,
and reaching 86 kgha~1 by 2023 (Otto et al. 2022; ANDA 2023).
Moreover, N fertilizer rates applied in Brazilian sugarcane
fields remain much lower than those observed in other
major producer countries, such as India (150-400kgNha™1;
Robinson et al. 2011; Hemalatha 2015) and China (400-
800kgNha~!; Li and Yang 2015; Yang et al. 2021).

For sugarcane, our N,O EF (ranging from 0.55% to 0.79%)
was lower than the global value (1.2%) observed by Yang
et al. (2021) and those reported in other major producing re-
gions, such as Australia (1.77% in Grace et al. 2023 and 2.8%
in Denmead et al. 2010) and China (2.6% in Li et al. 2025),
but comparable to values reported in Thailand (0.68% in
Sriphirom et al. 2023 and 0.70% in Welutung et al. 2023). For
corn, our values align with those observed in northeast China
(0.72% in Zhang et al. 2023), Thailand (0.59% and 0.82% in
Yuttitham et al. 2020), and India (0.8% in Sahil et al. 2023),
but are lower than those reported in the United States (1.2%
in Xia et al. 2024).

Moreover, the variability in N ,O emissions observed in our data-
set likely results not only from differences in N fertilizer sources
but also from complex interactions among soil characteristics,
climate conditions, microbial dynamics, and management prac-
tices. Additionally, the limited number of observations for several
N fertilizer categories (in some cases n < 10) constrained our abil-
ity to conduct more robust statistical analyses or to stratify the
data by climate zones (e.g., tropical versus subtropical). Despite
these limitations, clear patterns emerged regarding the effects of
different fertilization strategies on N,O emissions. Practices such
as the co-application of organic and mineral fertilizers or the use
of residues like vinasse and pig slurry, while offering agronomic
and environmental benefits, tended to increase N,O emissions,
particularly when high C and N inputs stimulated microbial ac-
tivity (Carmo et al. 2013; Paredes et al. 2014; Pitombo et al. 2016;
Silva et al. 2017; Suleiman et al. 2018; Oliveira et al. 2023).
Although recycling organic residues is a sustainable strategy to
enhance circularity, reduce dependence on mineral fertilizers,
and improve soil health (Cherubin et al. 2021; Luz et al. 2024),
our findings suggest that this practice tends to increase soil N,O
emissions in sugarcane and corn cultivation areas in Brazil.
Conversely, mitigation strategies, such as the use of nitrification
inhibitors or biodigested residues, show potential to reduce emis-
sions but require further validation under real-world conditions.
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FIGURE 6 | N,O emission factors from N fertilizers and organic residues in corn fields in Brazil. The dashed line represents the values proposed
by the IPCC (2019) for mineral (1.6%) and organic residues (0.6%) inputs. Inner back lines in the boxplots represent the median. Numbers and red
dots represent the mean values. n=number of observations. (a) N,O emission factors by N source category: mineral fertilizers, organic residues, and
treatments involving nitrification inhibitors (b) N,O emission factors by type of mineral nitrogen source. (c) N,O emission factors by type of organic

residue.

In sugarcane, the addition of nitrification inhibitors to mineral
N fertilizers reduced N,O EF by 70%; while in corn, reductions
of 72% and 48% were observed with mineral and organic fer-
tilizers, respectively. These inhibitors act by suppressing the
enzyme ammonia monooxygenase, thereby preventing the ox-
idation of NH,* to NO,~. This slows nitrification, maintaining
N in its ammoniacal form for longer periods and reducing N,0
emissions (Oliveira et al. 2023). These findings highlight the
potential of nitrification inhibitors to mitigate N,O emissions
while preserving N availability for crop growth. Although this
study provides a valuable first step in consolidating regional
data, further field-based research is urgently needed in key ag-
ricultural regions to improve the reliability and applicability of
N,O EF across Brazil.

Finally, it is essential to highlight that all studies in this review
adopted the static chamber method, consistent with findings
in other agricultural systems (Bieluczyk et al. 2024; Locatelli
et al. 2024). While this approach allows for simultaneous sam-
pling and good spatial coverage, its limited temporal resolution
remains a key constraint. The frequent use of only three sam-
pling points per incubation is below best practice guidelines,
which recommend preferably four or more collections within
30-40min to ensure reliable flux estimates (Costa et al. 2006;
Parkin and Venterea 2010; Zanatta et al. 2014). Prolonged in-
cubation times, on the other hand, can alter the conditions in-
side the chamber, compromising data accuracy (Rochette and
Eriksen-Hamel 2008; Cerri et al. 2013). To overcome these chal-
lenges, future research should consider alternative technologies,
such as portable infrared gas analyzers, which enable real-time,
high-resolution measurements with minimal environmental
interference.

4.2 | Implications of the Use of Regional N,0 EF
for N Fertilizer Sources

Over the past two decades, considerable attention has been
given to the environmental impacts of bioethanol crops, particu-
larly concerning the effects of land-use change and management
practices on soil GHG emissions (Bordonal et al. 2018; Cherubin
et al. 2021). In this context, some studies have raised ques-
tions about the environmental benefits of bioethanol (Fargione
et al. 2008; Searchinger et al. 2008). However, it is important to
note that these analyses relied on global datasets and models,
as Brazil lacked region-specific data at the time. Consequently,
Brazilian funding agencies, research institutes, and universities
have prioritized generating data that more accurately represents
the country's prevailing conditions. This collective research ef-
fort has produced a substantial dataset (although not definitive),
which we summarize here, providing an opportunity to refine
the carbon footprint estimates of bioethanol derived from sugar-
cane and corn in Brazil.

Despite the growing volume of data generated in recent years,
several life cycle assessment (LCA) studies (Seabra et al. 2011;
Chagas et al. 2016; Moreira et al. 2020; Bordonal et al. 2024) and
the calculations performed within the Brazilian Biofuel Law
Platform (RenovaCalc) still rely on default IPCC emission fac-
tors. In a pioneering study, Carvalho et al. (2021) demonstrated
that using regional N,O EF reduced GHG emissions from sug-
arcane bioethanol by 19%, highlighting the critical need for lo-
cally derived data to improve the accuracy of GHG estimates
and decarbonization credits. To our knowledge, no comparable
study has assessed the impact of regional data on GHG emission
calculations for corn ethanol in the country.

Furthermore, our study revealed that GHG measurements re-
main insufficient to capture the full diversity of climate, soil,
and cropping systems in Brazil (Bieluczyk et al. 2024). The scar-
city of data is particularly critical in regions with expanding ag-
ricultural frontiers, such as the Northeast, Midwest, and North
regions. The lack of region-specific data in these areas hinders
the refinement of emission estimates used in life cycle assess-
ment models and policy frameworks (Locatelli et al. 2024).
Given these limitations, future research should prioritize ex-
panding field measurements in these poorly represented regions
and biomes, particularly those with significant agricultural
production and unique environmental conditions. Establishing
long-term monitoring networks and adopting harmonized
methodologies for N,O quantification will also be essential to
improve data quality and comparability.

This study represents a valuable first step in establishing regional
N, O emission factors for the primary crops, accounting for nearly
100% of the biomass used in bioethanol production in Brazil. Our
findings indicate that regional N,O EFs for mineral N fertilizers
are 65% and 75% lower than the IPCC default values for corn and
sugarcane, respectively. Conversely, the regional EF for organic
fertilizers exceeds the IPCC value. These results suggest that the
default IPCC factors do not adequately reflect Brazil's prevailing
edaphoclimatic conditions. Incorporating regional N,O EF can
improve the accuracy of GHG assessments, better reflect local ag-
ricultural practices, and promote the selection of inputs with lower
environmental impacts. Understanding these regional factors is
crucial for informed decision-making on fertilizer use and sup-
ports strategies related to RenovaBio and carbon credit programs.

5 | Conclusions

The average N,O emission factors presented in this study rep-
resent the best estimates based on currently available data.
Covering Brazil's two main bioethanol crops, sugarcane and
corn, our assessment included various mineral and organic fertil-
izers, a wide range of fertilization rates (60-280kg N ha~!year™),
multiple biomes, and a total of 293 observations. We found that
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the average N,O EF for mineral fertilizers ranged from 0.40% to
0.55%, substantially lower than the IPCC default value of 1.6%.
Conversely, regional N,O EF for organic fertilizers ranged from
0.77% to 1.72%, exceeding the IPCC default of 0.6%. These find-
ings underscore the importance of employing region-specific
emission factors (Tier 2) to enhance the accuracy of carbon foot-
print assessments and better inform mitigation strategies.

Despite advances in recent decades, the current dataset on field-
scale N,O emissions remains insufficient to capture the full het-
erogeneity of Brazil's agricultural landscapes. Significant spatial
gaps persist, particularly in key corn-producing states such as
Mato Grosso and Mato Grosso do Sul, as well as in the Northern
and Northeastern regions, which are emerging agricultural fron-
tiers. Moreover, the limited dataset restricts the ability to strat-
ify emission factors by tropical and subtropical climates, factors
that can significantly influence N,O emissions. Overcoming
these limitations will require expanded field measurements,
long-term experiments, and regionally stratified studies to sup-
port the development of more accurate Tier 2 emission factors.
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