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Introduction

Responding to climate change involves identifying and quantifying the
emissions that cause this impact, which can be done using different
approaches. Given the critical and urgent nature of this problem,
accurate metrics are crucial. In order to determine the potential
environmental impacts of products, life cycle assessment (LCA) is one of
the most internationally recognized quantitative methodologies, with

a strong scientific foundation. When dealing specifically with climate
change, this metric! is known as the carbon footprint of products; when
it refers to impacts on water consumption and quality, it is called the
water footprint.

LCA studies began at Embrapa in the early 2000s. Initial research on
this topic focused on the main Brazilian commodities, especially those
destined for export or energy use (such as sugar cane, soybeans,

corn, oil palm, etc.), and tropical fruit, products with higher added
value that are shipped to markets which are demanding in terms

of environmental issues (including cashews, coconuts, mangoes,
melons, and derived products). These studies generated inventories for

! Life cycle assessment is a quantitative methodology based on mass and energy
balances in the transformation and transportation processes within a product’s life
cycle; in other words, it consists of applying a metric.
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agricultural processes which were published

in national and international databases, along
with the environmental profile of the resulting
products. At the same time, Embrapa was
creating an important model for analyzing land
use changes. These initiatives contributed to
the greater representativeness and commercial

competitiveness of Brazilian agricultural products.

With regard to energy crops, the work has
evolved into contributions to public policies,
such as the Politica Nacional de Biocombustiveis
(National Biofuels Policy, RenovaBio), and
international policies like the International Civil
Aviation Organization's Carbon Offsetting and
Reduction Scheme for International Aviation
(CORSIA) and the standards of the International
Maritime Organization (IMO), a specialized
agency of the United Nations (UN) responsible
for regulating international maritime transport.
Work on tropical fruit, on the other hand, has
focused on carbon footprint and water footprint
analysis, as well as important modeling studies
for biorefineries. This research is intended to use
fruit in its entirety by developing economically
and environmentally sustainable technological
routes to extract compounds from peels and pits,
such as starch extracted from mango pits and
nanocellulose extracted from the fibers of green
coconut shells and sugarcane bagasse.

New initiatives have emerged with the use of
LCA in the dairy and beef cattle production
chains, mainly in carbon footprint studies,

as well as in important crops adapted to the
subtropical climate and the Cerrado biome,
such as wheat. Also noteworthy is recent
research involving the creation of tools to
support Embrapa’s low-carbon programs
dedicated to soybeans, corn, sorghum and
wheat, as well as dairy and beef cattle.

This chapter will first present the current
panorama of the LCA methodology and
challenges related to its application in tropical
agriculture, followed by some innovation

solutions generated by Embrapa and its partners
that integrate knowledge and technologies on
this topic.

Current panorama

What is life cycle assessment?

Life cycle assessment (LCA) is an environmental
management tool that makes it possible to
evaluate the environmental performance

of products and services. Using a systemic
approach, “cradle to grave” LCA quantifies
potential environmental impacts considering
the entire life cycle, from the extraction of raw
materials to production, distribution, use, and
final disposal of a product.

In addition to identifying the stages of the life
cycle that contribute most to impact generation,
the results of the LCA make it possible to propose
improvements, integrate environmental aspects
into projects and development processes,
compare technological pathways and products
with similar functions, and provide support for
environmental declarations. This methodology
has a strong scientific foundation and is
internationally recognized and standardized
through several norms, including ISO 14040:2006
and 1SO 14044:2006 (International Organization
for Standardization, 2006a, 2006b). In addition to
these general standards, there are also specific
versions that focus on certain impacts, such

as I1SO 14067 (International Organization for
Standardization, 2018), which details the steps
for studying the carbon footprint, and ISO 14046
(International Organization for Standardization,
2014), which guides analysis of a product’s water
footprint. Note that when the assessment of the
water footprint is focused on water scarcity, it is
referred to as the water scarcity footprint.

LCA studies are carried out for different scopes
and applications, in academia as well as the
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manufacturing and government sectors.
Because of their inherent complexity, these
studies challenge scientific research to develop
technological solutions to enable their proper
use. In this sense, Embrapa’s contributions
include environmental models, process models,
and tools for building life cycle inventories

to estimate the carbon footprint and the
environmental profile of agricultural products.

Life cycle assessment in the
tropical agricultural environment

LCA is a methodology originally proposed for
industrial processes. This technigue involves
accounting the material and energy flows
exchanged between the place where production
processes occurs and the environment, and
assumes closure of mass balances. In a physically
limited structure (like manufacturing settings),
these flows can be controlled. Atmospheric
emissions, liquid effluents, and solid waste must
be treated and reported in accordance with
environmental legislation.

Agricultural processes? take place in the open,
with no physical boundaries between the
production space and the natural environment.
For this reason, many outflows are not
quantifiable but instead are estimated by models,
and depend on specific parameters of climate,
soil, plant characteristics, and aspects related to
nutritional and plant health management.

Models for estimating outflows from production
systems into environmental compartments

are presented in methodological guides for

LCA studies, generally associated with life cycle
inventory (LCl) databases (Nemecek; Kdgi, 2007;
Nemecek et al,, 2001; Nemecek; Schnetzer, 2011;
Calvo Buendia et al,, 2019; Van Paassen et al, 2019;
Koch; Salou, 2020). These guides bring together

? In this text, agricultural processes are understood in the
broad sense, and include forest and livestock processes as
well as systems that integrate them.
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models originally developed for temperate
climate agriculture, which require adaptation or
parameterization to better represent agriculture
in tropical and subtropical climates (Matsuura;
Picoli, 2019). One of the solutions presented in
this chapter is the BR-Calc tool, a component of
ICVCalc, which is used to generate inventories
of agricultural processes based on models and
factors adapted to Brazilian agriculture.

Unlike temperate regions, in regions with a
tropical climate more than one crop can be
grown during the same agricultural year, either in
sequence (harvest, second crop, second harvest,
third harvest, etc) or in an integrated manner
(Hirakuri et al,, 2012). Better use of the agricultural
area is one benefit of adopting more complex
systems, which also offers other advantages such
as sharing natural and technological resources,
as well as the impacts generated by their use.
Attribution of environmental impacts to the
products of a production system? is commonly
done by allocation,* using a physical criterion
(such as mass, volume, energy, exergy,” or
occupation time) or economic criteria. ICVCalc
adopts an allocation model that distributes

the impact factors among the commercial
products derived from a production system,
simultaneously considering the area and
occupation time of each land use (commercial

3 A"[..] production system is composed of the set of crop
and/or livestock systems within a rural property, defined
based on production factors (land, capital and labor) and
interconnected by a management process” (Hirakuri et al,,
2012, p. 13, translation ours).

4 Allocation is defined as the “partitioning the input or
output flows of a process or product system between
the product system under study and one or more
other product systems” (International Organization for
Standardization, 2006a, p. 4).

> Exergy is the portion of a system’s energy that can be
converted into useful work when the system is brought
into thermodynamic equilibrium with its reference
environment, taking into account the temperature,
pressure, and chemical composition of the medium.
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crops and service activities®) in a complete
production cycle. This criterion (area and time
of land occupation combined) was selected
because the shared resources pertain to the
agricultural land resource: land occupation
and greenhouse gas (GHG) emissions derived
from land use change and liming (through
the burning of vehicle fuels as well as the use
of lime itself as an input). Because the choice
of allocation method significantly affects the
outcome of the LCA, a sensitivity analysis is
recommended in order to determine the
consequences of this choice (The European Feed
Manufacturers' Federation, 2024).

Within this context, some production chains

that are significant to the Brazilian economy (for
national supply as well as exports) have expressed
interest in using LCA as a tool for analysis and
decision making, with a view to reducing GHG
emissions, water scarcity, and other environmental
impacts. The current panorama in some of these
chains is described below.

Life cycle assessment
for meat and milk

Embrapa is taking part in global efforts to
develop technologies that help increase
production efficiency and mitigate GHG
emissions in livestock farming, meeting the
expectations of a society with consumers
who demand less environmental impact from
production.

When discussing GHG emission reduction in
livestock farming, it is essential to consider the
most appropriate metrics; one of the most
internationally recognized and easily understood
metrics is emission intensity, which represents
how much of these gases have been emitted. This
emission intensity, when calculated according to

> Service activities include green manure, cover crops,
fallow land, etc.

LCA assumptions and related to a given quantity
of product, is called the carbon footprint.

In order to reduce the carbon footprint of animal
products, there are three potential lines of action:
first is to manipulate rumen fermentation, using
additives, grains, improved pastures, and more
digestible diets. These technologies contribute
to a more favorable fermentation pathway for
the animal, with lower methane production.

The second line of action is to improve the
efficiency of the production system using widely
available technologies related to animal health,
nutrition, reproduction, and management of

the production chain. The third line of action

is related to GHG removals,” including carbon
sequestration® which can occur in both well-
managed pasture and agricultural soils, as well
as the trunks and roots of the tree component of
integrated crop-livestock-forestry (ICLF) systems.

The mitigation objectives of the first two lines of
action are often achieved by technologies such
as the use of supplements for grazing animals, or
intensification of grazing® in well-managed

7 According to the IPCC's AR6 WGIII (Shukla; Skea, 2022, p.
36), greenhouse gas removal refers to human activities
that remove GHGs from the atmosphere and store
them in geological, terrestrial, or ocean reservoirs, or
in products. Removal includes carbon dioxide (CO,),
methane (CH,), nitrous oxide (N,O) or other GHGs,
as well as processes such as DAC (direct air capture),
BECCS (bioenergy with carbon capture and storage),
reforestation, and increasing soil carbon.

8 Carbon sequestration is the process of storing carbon
in a reservoir (or carbon “pool”), such as forests, soils,
geological formations, or oceans, so that it remains
out of the atmosphere for a sufficiently long time (“on
climatically significant timescales”) to reduce atmospheric
carbon dioxide (CO,) concentrations and consequently
mitigate climate change. (IPCC, 2025).

“Grazing intensification”refers to boosting the efficiency of
pasture use by animals, through herd management and
forage utilization strategy. It relates to management of
the grazing process itself, in other words, how, how much,
when, and for how long the animals graze a given area.
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areas. Congio et al. (2021) analyzed 130 scientific
studies conducted in Latin America and the
Caribbean that quantified the impacts of
different methane mitigation strategies. These
authors found that the most efficient strategy
was genetic improvement in animals (leading

to a 38% reduction), followed by proper pasture
management (22-35%), and finally improving the
animals'diet by including higher levels of protein
and concentrated feed (10-20%). The impacts

of supplementation and confinement were
studied by Méo Filho et al. (2020), who pointed
out that these technologies have expanded as

a viable alternative, more efficiently reducing
GHG emissions per kilo of weight gain, especially
when associated with innovative technologies
such as the use of additives that directly reduce
methane emissions. Additives such as essential
oils and byproducts from agroindustry, which
contain secondary compounds that directly
affect methane generation, have been studied by
Pena-Bermudez et al. (2022), Budel et al. (2023),
and Benetel et al. (2024).

With regard to pasture intensification, Oliveira

et al. (2020) demonstrated that a larger number of
animals grazing in a well-managed area had lower
emissions per kilogram of product (2.0 kg CO,eq/
kg carcass), while degraded pastures resulted

in carbon footprints up to 25 times higher (50.3

kg CO.eq/kg carcass). Similarly, Méo Filho et al.
(2022) observed a 50% reduction in the intensity
of methane emissions when comparing intensive
and extensive grazing management (6.75 versus
13.5 kg COeq/kg carcass).

Grass and legume intercropping systems are
also efficient alternatives for decreasing the
carbon footprint, since the forage ingested has
higher levels of protein and digestibility, which
mitigates emissions. Legumes also fix nitrogen

O Pasture intensification is a set of strategies and
management practices to increase livestock productivity
per hectare, through improvements in pasture conditions,
use of inputs, and herd management.
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biologically, reducing the need for synthetic
fertilizers and promoting a positive nitrogen
balance, equivalent to 150 kg/ha.year of urea,
with a 23% reduction in emissions per unit of
product (Homem et al,, 2024). Furtado (2022) and
Furtado et al. (2023) showed a 70% reduction

in the intensity of methane emissions when
intercropping marandu grass with pigeon peas,
mainly due to the increase in weight gain during
the dry season.

Carbon sequestration in pasture soils with
intensified grazing was studied by Oliveira et al.
(2022), who indicated values of 1.92 and 1.80

t CO.eq/ha.year for systems without irrigation
and with high and medium stocking rates,
respectively. Crop-livestock-forest integration
systems (ICLF), a technology that has been
widely studied and disseminated by Embrapa,
also deserve attention in terms of carbon
sequestration in soils and tree trunks. Oliveira

et al. (2024) concluded that improved land use
management and the introduction of trees had
a positive impact on soil carbon content. Carbon
sequestration in integrated tree and pasture
systems occurs in deeper layers. A double-benefit
effect was observed in the increase in carbon
content in shallow soils (pasture effect), and in
deeper layers (eucalyptus effect). Almost half

of the carbon stock at a depth of one meter is
concentrated in the first 30 cm from the surface.
Total carbon sequestration in soils and trunks
reached 19t CO,eq/ha.year. Brunetti et al. (2025)
pointed out that, even in an intensive system
with 2.5 times more animals than the Brazilian
average and providing additional feed, integrated
forest-livestock systems offset 77% of enteric
CH.4 emissions by fixing carbon in tree trunks,
resulting in a better balance between emissions
and removals (-14.28 t CO, eg/ha.year).

Complementary studies involving integrated
production systems to mitigate GHG emissions
have also shown that these systems are more
efficient in terms of water use, helping to
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reduce the water footprint'' of Brazilian beef.
Systems that integrate crops and livestock (ICL)
and crops, livestock and forests (ICLF) have the
potential to reduce freshwater consumption
when raising beef cattle on pasture, improving
forage use efficiency and reducing forage
evapotranspiration (Barsotti et al al., 2022), with
positive effects on feed conversion efficiency
and water productivity compared to extensive
systems involving monospecies pastures (Barsotti
et al, 2024). Barsotti et al. (2025) also observed
that green water scarcity is low in agropastoral
systems (182 to 328 L/kg of carcass weight),

and that integrated systems reduce the water
footprint of beef cattle by up to 69%, making
them efficient strategies for reducing the
environmental impacts of water consumption in
pasture-based livestock systems. After 14 years,
the same ICLF and ICL systems exhibited carbon
stocks in the 0-20 cm soil layer of 3.2 and

7.4 Mg/ha, respectively, and carbon
accumulation rates of 231.7 and 531.4 kg/ha.year,
respectively (Almeida et al., 2023).

These technologies, with effects that have
been tested in field experiments, can be used
to calibrate and validate mathematical models
for estimating emissions while also serving

as input data for carbon footprint calculators.
Adjustments and calibrations in models to
define parameters suitable for the tropical
environment (“tropicalization”) are necessary so
that they reflect Brazilian production conditions.
Developing protocols and tools to calculate
the GHG balance and incorporating good

' The water footprint method with color classification
(namely blue, green, and gray water) was proposed by the
researcher Arjen Y. Hoekstra, one of the founders of the
modern water footprint concept and the Water Footprint
Assessment Methodology. The colors are defined in this
method as follows: blue water is surface or groundwater
used (rivers, lakes, aquifers); green water is rainwater
stored in the soil and used by plants (evapotranspiration);
and gray water is the volume of water needed to dilute
pollutants to acceptable levels (Hoekstra et al,, 2011).

practices to improve this balance generate
relevant information for decision making on
investments, technologies, and processes used in
rural enterprises that are capable of reducing the
carbon footprint attributed to animal products.

Life cycle assessment applied
to the study of the carbon and
water footprints of tropical fruits

Fruit farming stands out due to the value of
production, the number of jobs generated per
cultivated area, which according to Sobel and
Costa (2004) ranges from 0.8 to 1.2 direct jobs per
cultivated hectare, the inclusion of women in the
job market, especially in the post-harvest phase,
as well as its role in leveraging the service sector.
In comparison, soybean cultivation is a highly
mechanized and large-scale crop that generates
few direct jobs per hectare. Studies like those

by the Companhia Nacional de Abastecimento
(Brazilian National Supply Company, or CONAB)
(Conab, 2025a), and researchers such as Graziano
da Silva (2004) and, more recently, Barcellos et al.
(2017), indicate that soybean generates around
0.05 to 0.07 direct jobs per hectare cultivated.

In regions with a high level of mechanization,
such as MATOPIBA (an area spanning parts of
Maranhéo, Tocantins, Piauf and Bahia) or the
Midwest, this figure can drop even further, to
0.03-0.04 jobs per hectare).

Brazil ranks third worldwide in fruit production,
behind only China and India, with most of its
production (98%) supplying the domestic market.
Notable among these products in 2024 were:

Bananas (7,046,345 tons; 469,989 hectares
planted; gross production value of
RS 16,062,591,000).

« Coconuts (2,105,345,000 units of fruit;
RS 2,275,451,000).

. Guavas (557,225 tons; RS 1,385,628,000).
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Cashew apples (159,212 tons of nuts; 819,000
liters of cajuina beverage derived from the
fruit; 441,892 ha; RS 689,335,000).

In terms of foreign market, according to IBGE
(2025) and MAPA (2025), the leading exported
from Brazil in 2023 were:

Mangoes (266,000 tons; 80,465 ha;
USS 284.89 million).

- Melons (228,000 tons; 30,535 ha;
USS$ 183.11 million).

Grapes (73,000 tons, 77,019 ha;
USS 172.01 million).

Numerous studies (shown in Figure 6.1) have
assessed the carbon footprint of tropical fruits
such as melons, mangoes, bananas, and green
coconuts. A comparison of different studies
showed that mangoes, in a system incorporating
green manure (“plant cocktail”), were the only
fruit with a negative carbon footprint (in other
words, because of the use of the plant cocktail
between the rows, the carbon stock in the
biomass and soil was greater than the emissions
during the product’s life cycle). Considering the
average of several studies with fruits around the
world, it was estimated that the footprint of a
fruit leaving the farmis 0.5 kg CO; eg/kg, varying
+0.36 kg CO;, eg/kg (Subedi et al,, 2024). It is
important to note that although the equations
and factors for estimating emissions from the
Intergovernmental Panel on Climate Change
(IPCQ) were used in these studies, both the
factors and the global warming potential (GWP)
varied with the evolution of climate science over
time. Furthermore, emissions from Land Use
Change (LUQ), seedling production, packaging,
and transportation of the fruit to the consumer
market were disregarded in most studies. In the
cultivation of perennials (such as cashew, mango,
and green coconut), few studies have covered
all phases of the orchard (establishment, growth,
and full production).

for differentfrue
(kg C0™-eq/kg)
Banana, CE, Brazil' I 0.24
Banana, Ecuador’ I 0.27
Banana, SP, MG, Brazil’ mm 0.23
Cherry, Italy' 1 0.20
Green coconut, AL, Brazil’ 1 0.12
Green coconut, BA, Brazil’ mm 0.20
Green coconut, CE1, Brazil’ 1 0.14
Green coconut, CE2, Brazil’ mm0.14
Green coconut, CE3, Brazil’ mmmmm 0.36
Green coconut, CE4, Brazil' mm 0.19
Green coconut, SE, Brazil’ = 0.15
Orange, Spain’ I 0,25
Orange, Spain’ NN (.28
Orange, Italy’ | 0.09
Orange, Italy’ M 0.10
Orange, SP, Brazil’ M 0.11
Orange, SP, Brazil’ M 0.09
Apple, Europe” M 0.11
Mango, Mexico” i 0.23
Mango, PE, BA, Brazil” mm 0.14
Mango, PE, BA, Brazil” m 0.13
Mango, cover crops, PE, BA, Brazil* I S -0.8
Melon, CE, RN, Brazil” e 0.71
Melon, PE, BA, Brazil"® n e 0.75
Melon, cover crops, CE, RN, Brazil” S (.58
Mango, cover crops, PE, BA, Brazil' SN 0.51
Strawberry, Spain” NN 0.35
Peach, Europe” I 0.14
Grape, Italy” mm— 0.39

Figure 6.1. Comparison of the carbon footprint for
different fruits produced in different countries and
reported in various studies.

Note: These studies differed in the scope and year of the GHG
emission and GWP factors.

Source: 'Lima et al. (2024), “Roibas et al. (2016), *Coltro e Karaski (2019),
“Tassieli et al. (2018), °Sampaio et al. (2021), *Mordini et al. (2009), 'Ribal
etal. (2019), ®Giudice et al. (2013), °Knudsen et al. (2011), "Vinyes et al.
(2017), "™NMB (2010), “Basset-Mens et al. (2016), *Muller-Carneiro et
al. (2018), “Dias et al. (2020), *Figueirédo et al. (2013), '*Santos et al.
(2018), Barros et al. (2019), ®Marras et al. (2015).
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Analyses of the water scarcity footprint of

fruits are less frequent than investigations

of the carbon footprint, and use different
assessment methods. Studies that adopted the
Aware (Available WAter REmaining) method,
recommended by the Life Cycle Initiative
(Boulay et al,, 2016), which used annual scarcity
indices generated by Boulay et al. (2018), show
significant contrasts. Irrigated grape production
in Peru, in watersheds with an arid climate,

had the highest water footprint, while green
coconuts grown in Ceara had the lowest (Figure
6.2). It should be noted that in the research on
grapes, the water scarcity footprint varied widely
(from 3.93 to 208.4 m*-eq/kg) according to the
location of irrigated production in the different
river basins in Peru (Vazquez-Rowe et al., 2017).

Water scarcit¥
fogtprint for fruit
(m'eq/kg)

Grape, Lima, Peru' I 3.93
Green coconut, CE3, Brazilz| 0.33
Green coconut, CE4, Brazil’ | 0.35
Green coconut, AL, Brazil’ | 0.42
Green coconut, CE2, Brazil’ | 0.47
Green coconut, SE, Brazil’ | 0.47
Green coconut, BA, Brazil’ | 0.67
Green coconut, CE1, Brazil’ | 0.76
Mango, PE, BA, Brazil’ | 0.93
Mango, PE, BA, Brazil' [ 2.82
Banana, CE, Brazil’ [Jj 7.00
Grape, Arequipa, Peru’ | 257
Grape, Tacna, Peru' | 593

Life cycle assessment for wheat

Production of wheat and derived products,

such as flour, pasta, cookies, and bread, is of

vital importance to the global diet. Around the
world, wheat accounts for around 18% of calories
and 19% of protein ingested daily (Mottaleb;
Govindan, 2023). Together with rice, corn, and
sugar cane, wheat accounts for almost half of
the world’s annual agricultural production in
terms of tons produced (Food and Agriculture
Organization of the United Nations, 2025).
Although the volumes produced and consumed
are key factors in understanding a product’s
relevance to climate issues, it is necessary to
understand how it is produced and how the
product reaches the consumer.

The LCA of wheat and wheat flour was pioneered
in Brazil and Latin America, as reported by
Giongo et al. (2025).

The integration of sustainability parameters

into the requirements that companies demand
of their suppliers is not new (Amini; Bienstock,
2014; Beske et al., 2014). Production that uses
inputs with a lower environmental impact is
increasingly part of corporate strategies and
commitments between the productive sector
and its stakeholders. For this reason, it is essential
for organizations that buy and use wheat and its
derivatives to understand how these products
are produced and what their impacts are, so that
there are no interruptions in production, supply,

Figure 6.2. Comparison of the water scarcity footprint of
different fruits produced in different countries and reported
in various studies.

Note: The scope of these studies ranged from input production and

transportation to agricultural production areas. Only the mango study
considered the post-harvest and packaging stages for this fruit.

Source: 'Vazquez-Rowe et al. (2017), 2Sampaio et al. (2021), *Muller-
Carneiro et al. (2019), *Dias et al. (2020) e °Lima et al. (2024).

Grape, b, s | :':¢
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or trust. In this way, multidimensional criteria

for sustainability (social, environmental, and
governance) can be implemented in transactions
within the value chain. These parameters need

to be managed so that they do not increase the
transaction costs involved (Dossa et al,, 2023),
and must take into account various uncertainties.
One of the ways to reduce this problem is to
increase the accuracy of measurements and

rigor in the control of criteria such as the carbon
footprint.

Lack of carbon footprint metrics for specific
producing regions is a problem. Production
systems are adapted to the various characteristics
of an area, such as climate, soil, land structure,
and marketing logistics (Giongo et al,, 2025). For
this reason, applying the carbon footprint of a
region with a different production system creates
uncertainty about the validity of this data. This
shows that environmental impact estimates
(including those related to climate change)
should be as close as possible to the production
system that generated the product under
analysis. For Brazilian wheat cultivation, this is
especially relevant.

Wheat production in Brazil is classified into four
regions — cold and humid, moderately hot and
humid, moderately hot and dry, and hot and dry
— defined to guide the adaptation of cultivars
while taking into account criteria such as water
regime, temperature and altitude (Reunido da
Comissao Brasileira de Pesquisa de Trigo e Triticale,
2023). Following the criteria for agricultural climate
risk zoning (ZARC), the areas colored blue, yellow,
green, and orange in the image below indicate
regions suitable for recommended wheat cultivars.
The area in red corresponds to regions where
wheat cultivation is not recommended, due to
adverse climatic and soil conditions. Areas within
states without colors represent regions that are
excluded due to agroclimatic restrictions. The

first three regions (blue, yellow, and green) are
spread across the southern states of Brazil, as well

as southern S&o Paulo and parts of Mato Grosso
do Sul. The last region (orange) is located mainly
in the Brazilian Cerrado, and characterizes tropical
wheat (Figure 6.3).

Region 3 Region 4
I?otand (Cerrado and
moderately dry Atlantic forest
biomes)
Region 2 Hot and dry
Moderately hot
° §I?d?15m.°d Not recommended
for cultivation
Region 1
Cold and humid

Figure 6.3. Homogeneous adaptation regions for
wheat cultivars in Brazil.

Source: Pasinato et al. (2018).

Wheat production in Brazil has grown
significantly in recent decades (Figure 6.4), from
just 3.2 million tons to more than 8.4 million tons
(estimated) in just 25 years. Production reached
record levels in 2022 with 10.5 million tons,
almost matching the country’s annual demand
of around 12.5 million tons (Associacdo Brasileira
da Industria do Trigo, 2022). This production is
mainly concentrated in Brazil's three southern
states, which accounted for an average of 87.8%
of national production over the past five years
(Conab, 2005b). Even so, we must highlight

the growth in wheat production in the fourth
homogeneous region for adapting cultivars, the
Cerrado and Atlantic Forest (Figure 6.3).

The significant growth in wheat production in
Brazil is closely linked to increased productivity.
Over the past 25 years, productivity has grown
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Figure 6.4. Wheat production in Brazil from 2001 to 2025 (in thousands of tons).

Source: Conab (2005b).

by approximately 64%, as shown by CONAB data
(2025b), from around 1.8 t/ha in 2001 to 3.0 t/ha
(estimated for the 2025 harvest). The remainder
of this increase in production resulted from the
expansion in cultivated area (Figure 6.4).

In this sense, it should be noted that wheat
growing does not promote the clearing of new
areas. Wheat is rotated with other temporary
crops (such as soybeans, corn and beans),
increasing land use efficiency and reducing
fallow areas and monoculture farming that
damages the soil (Denardin et al,, 2019).

Brazilian wheat cultivation is currently evolving in
a significant manner, most notably due to large-
scale adoption of innovations such as drones and
bioinputs (Compre Rural, 2023), the expansion of
wheat in the Cerrado region (Chagas et al., 2021;
Acosta, 2018), and growing multi-institutional
concern with reducing environmental impacts
(Dossa et al, 2023). Among these advances,

the growth of tropical wheat deserves special
attention. The expansion of wheat into Brazil's
Cerrado region is part of a broad, coordinated

multi-stakeholder effort to achieve self-
sufficiency in domestic wheat production.
Previous work (Acosta, 2018; Acosta; Ramos,
2021; Farias et al,, 2024) has shown the potential
for increasing wheat production in Brazil

based on different models, by either increasing
productivity or expanding the planted area in
regions that are already consolidated agricultural
areas, as is the case with tropical wheat.

This is important when analyzing the possible
impacts of such an increase in production.
According to data from the Ministério do
Desenvolvimento, Industria, Comércio e Servigcos
(Ministry of Development, Industry, Trade and
Services, MDIC), between 2015 and 2024 Brazil
imported 11.3 billion dollars'worth of wheat

to meet domestic demand. For this reason,
increasing our own wheat production capacity
addresses multiple dimensions of sustainability:
bringing production geographically closer to
consumption, reducing foreign dependence
on a staple food, reducing foreign spending,
improving the trade balance, and finally,
encouraging crop rotation and soil protection.
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Interviews with experts from the region indicate
that wheat production in the Brazilian Cerrado
can be grouped into two categories: rainfed
wheat and irrigated wheat. Irrigated wheat
production has greater productivity potential,
reaching averages of 6 tons per hectare. While
rainfed production has lower productivity
(around 2 to 2.5 tons per hectare), it has a larger
area for expansion, considering the presence of
soybeans and corn that are already established in
the region. Irrigation for wheat is uncommon in
the traditional growing region (South), except in
specific situations such as seed production. This
demonstrates different potential environmental
impacts (water and carbon footprint), which
increases the need for geographically localized
assessment of these production systems. It is
consequently necessary to coordinate actions
through a program that focuses on this issue.

With the challenge of producing all the wheat
Brazil needs and promoting global food security,
the Programa Trigo Baixo Carbono (Low-Carbon
Wheat Program) (Dossa et al., 2023) incorporates
climate change adaptation and mitigation
strategies into its scope, using LCA as a tool

to assess challenges and opportunities for
continuous improvement in the wheat chain.
The study by Giongo et al. (2025) presents the
carbon footprint of wheat produced in the south
of the country as one of the first initiatives to
report on the environmental performance of this
Brazilian product. Despite advances in applying
LCA to crops such as wheat, there is still a lack

of representative studies on wheat production

in the Brazilian Cerrado. This gap reinforces the
importance of expanding LCA studies to other
tropical biomes and agricultural systems.

Innovation solutions

Based on the current panorama presented
above, with regard to LCA itself and the
calculators adapted to the tropical environment

as well as their use in production chains that

are important for the national economy, the
innovation solutions presented below were
developed by Embrapa and its partners as part of
efforts to improve the technical, economic, and
environmental efficiency of Brazilian agricultural
products.

Methods for estimating
land use change and
greenhouse gas emissions

Land use change (LUQ) is one of the processes
with the greatest potential impact on the
carbon footprint of agricultural products. Land
use change can increase greenhouse gas

(GHG) emissions by 8 to 20 times compared

to emissions from all other processes involved

in agricultural production (Castanheira; Freire,
2013; Poore; Nemecek, 2018). The process is also
very relevant for other impact categories, such
as biodiversity and ecosystem services (Defries
et al, 2004; Calvo Buendia et al,, 2019). In Brazil,
land use change has been responsible for a
considerable share of national GHG emissions,
contributing an average of 43% of the country’s
total net emissions during the 2002-2022 period
(Brasil, 2022). Accurate estimates of land use
change are consequently critical for carbon
footprint and LCA studies of Brazilian products
and, in turn, activities to decarbonize production
chains.

Land use change can be direct or indirect
(International Organization for Standardization,
2018). Direct change (direct LUC or DLUC)
occurs when there is a change in land use
within the boundaries of the system, while
indirect change (indirect LUC or ILUC) occurs
outside the boundaries of the system, caused
by a direct change (International Organization
for Standardization, 2018). For example, when a
study focuses on crop X, and the system under
analysis is the farm used for that crop, the change
in land use from pasture to crop X within the
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farm is a DLUC. Meanwhile, the expansion of this
displaced pasture over an area of forest on the
neighboring farm, or in the neighboring country,
can be considered an ILUC.

The accounting of GHG emissions derived from
DLUC is often required in international carbon
footprint protocols and standards, such as the
ISO standard (International Organization for
Standardization, 2018) and the GHG protocol
(Greenhouse Gas Protocol, 2022). However,
collecting primary data for this task can be costly,
laborious, or even unfeasible, because high-
resolution data is lacking or due to the high
costs and time involved (Brenton et al,, 2021). To
overcome this limitation, methods and tools have
been developed internationally to make DLUC
estimates available for use in carbon footprint
studies (for example, in Blonk Consultants, 2021;
Lam et al, 2021). In the past, however, DLUC
estimates were often only available nationally
(such as in Tubiello et al., 2021), or only for crops
in specific regional and temporal demarcations
(for example, in Figueirédo et al., 2013;

Maciel et al,, 2015), or contained inconsistent
representations of Brazil's territory (for example,
as reported in Novaes et al,, 2022).

Within this context, Embrapa has coordinated
actions and projects to research and develop
methods and studies that permit a more
accurate estimate of land use change and

GHG emissions, in order to provide support for
LCA and carbon footprint studies of Brazilian
agricultural products. The main lines of action
include: 1) development of the Brazilian land use
change (BRLUC) method for estimating DLUC
for Brazilian products; 2) generating data and
information to support the consideration of LUC
in public policies involving carbon accounting.

The BRLUC method was developed to permit
estimation of the carbon dioxide (CO,) emissions
and removals caused by land use change
associated with Brazilian and sub-national
agricultural products, and is compatible with

the main international protocols. Its first version
estimated state emissions for 64 crops, as well
as pasture and forestry (Novaes et al,, 2017). An
improved version provided municipal results,
based on spatially specific data (Garofalo et al,
2022). Both versions are available to access and
download free of charge from the Embrapa
portal.'? A new version is currently in the final
stages of publication, and will provide emissions
that also consider the land use management
practiced in Brazil's different regions, along with
estimates of municipal carbon stocks.

Because of its consistency and
comprehensiveness, the results of the BRLUC
method have been incorporated into one of the
main international life cycle inventory databases,
Ecoinvent’ (Donke et al.,, 2020). Its data has also
been incorporated into the international GFLI
database and the Banco Nacional de Inventdrios
de Ciclo de Vida (National Life Cycle Inventory
Database, SICV-Brasil)," managed by the Instituto
Brasileiro de Informacéo em Ciéncia e Tecnologia
(Brazilian Institute of Information on Science

and Technology, lbict/MCTI). This method is

also in the process of being incorporated into
other databases, such as Hestia'> and the Orbae
system.'® Incorporation into these databases

and systems will lead to broader adoption of the
method and its results by its many users, which
are diverse and range from large research centers
and governments to multinational consulting
firms and agroindustry. This adoption will allow
studies on Brazilian agricultural products to
present more accurate results on the national
production system.

2 Available at: https://brluc.cnpma.embrapa.br

> Available at: https://ecoinvent.org/
the-ecoinvent-database

* Available at: https://sicv.acv.ibictbr/Node

> Available at: https://www.hestia.earth

® Available at: https://orbae.adastra.eco


https://brluc.cnpma.embrapa.br
https://ecoinvent.org/the-ecoinvent-database
https://ecoinvent.org/the-ecoinvent-database
https://sicv.acv.ibict.br/Node
https://www.hestia.earth
https://orbae.adastra.eco
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Some of these studies have been published, and
provide a sample of the method'’s wide range of
applications. Examples include studies on: the
impact of fish feed (Silva et al., 2018); the carbon
footprint of mango and sisal production in the
Semi-Arid region (Folegatti-Matsuura et al,, 2019;
Muller Carneiro et al., 2019), of Brazilian beef
(Dinato et al,, 2019), of coconut in the Brazilian
Northeast (Sampaio et al.,, 2021), and of soybeans
produced in Pard (Brito et al,, 2021); performance
in manufacturing of jeans in Brazil (Morita et al,,
2020); and the effects of modeling on the carbon
footprint of biofuels (Brand&o et al,, 2021). This
sample demonstrates the wide versatility of the
method, along with its application in a wide array
of settings.

Based on the experience acquired in these
research and development activities, Embrapa
has also contributed to more effective
consideration of land use change in public
policies involving carbon accounting. One
central highlight has been its work with
RenovaBio, which resulted in the plan to define
the program’s eligibility criteria (Moreira et al,,
2018; Novaes et al.,, 2023). The team has also
contributed technical notes and information for
international policies, for example in defining
criteria and parameters to assess sustainability
in the life cycle of biofuels for use in aviation for
CORSIA and for ocean shipping for IMO, as well
as in the European Commission’s Renewable
Energy Directive (RED). It has also worked with
the UN Food and Agriculture Organization (FAO)
to adjust data on Brazil's agricultural area (Novaes
et al, 2022), with a major impact on global land
use change models.

In addition to significant contributions to the
development of solutions related to land use
change, Embrapa Environment and its partners
have dedicated their efforts to developing
computer tools for LCA and preparing inventories
for agricultural processes in order to estimate the
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carbon footprint of products and accessory tools
like the ones presented below.

ICVCalc-Embrapa - a tool for
tropical agricultural inventories

ICVCalc-Embrapa is a tool for constructing
inventories of agricultural processes for LCA
studies, which in turn make it possible to achieve
greater accuracy in studies of the national
production system. There are currently two
versions: the first was developed in Microsoft
Excel' (Folegatti-Matsuura et al,, 2022), and the
second is available as a web system.®

The Excel version covers the main international
methodological protocols used to estimate
emissions from agricultural processes in the
different environmental compartments: a)
Nemecek (Nemecek: Schnetzer, 2011); b) WFLDB
(Nemecek et al,, 2015); c) Agri-footprint (Van
Paassen et al., 2019); d) Agribalyse (Koch; Salou,
2020); and e) IPCC (2020). BR-Calc was developed
by Embrapa Environment, by adapting models
from other protocols to better represent Brazilian
agricultural processes and including climate and
soil databases for the country’s mesoregions.

The tool has two options for entering data:

raw data or previously processed data. In the
first option, data related to the harvest of an
agricultural crop is used, processed in the Primary
Data spreadsheet. The Allocation spreadsheet is
used for crops that are part of a cropping system,
and is intended for calculating the allocation

of environmental loads related to resources
consumed and impacts generated, which must
be shared between the agricultural products

in that system. In the second option, flows

Available at: https://www.cnpma.embrapa.br/download/

icvcalc

5 Available at: https://icvcalc.cnpma.embrapa.br


https://www.cnpma.embrapa.br/download/icvcalc
https://www.cnpma.embrapa.br/download/icvcalc
https://icvcalc.cnpma.embrapa.br
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(resources from nature or the technosphere')
that are already normalized for one hectare or
one kilogram of product are entered into the
Input Data spreadsheet.

All the methodological protocols have two
spreadsheets: a) Calc, for entering the technical
parameters that feed the environmental models
specific to each protocol; and b) LCl, which
consolidates the inventory of the agricultural
process, made up of all the input and output
flows. Additionally, in the Excel version of
ICVCalc there is the Emissions Comparison
spreadsheet, which shows the emissions results
for the different environmental compartments
estimated in each protocol.

The ICVCalc web version is a derivation of the
first tool, which specifically processes the BR-Calc
model. In addition to the calculation structure,
ICVCalc web is made up of several auxiliary
databases and consumes APIs (application
programming interfaces) from other software
(such as BRLUC), which makes it easier to build
inventories for agricultural processes. It was
developed in Python and offers a more user-
friendly interface. Data is entered by agricultural
plot, and users are taken through a sequence
of pages that allow them to describe their
production system in detail (in this case, with
no built-in allocation model). The result is

an inventory for the agricultural process (as

in the Excel version), but in a format that is
compatible with the main LCA support software.
While ICVCalc in Excel is aimed at an audience
specialized in LCA, and permits a certain degree
of customization of the calculation structure,
ICVCalc web is intended for an audience that

is familiar with agricultural systems, but not
necessarily with the LCA technique.

19 The technosphere is the global system comprised of
materials, artifacts, and flows created or managed by
human activity which Interact with the biosphere,
lithosphere, hydrosphere, and atmosphere.

RenovaCalc - a tool for the
agroenergy sector in support of
the National Biofuels Policy

As mentioned above, RenovaBio is the National
Biofuels Policy. Established by Law 13,576/2017,
its main objective is to expand the share of
biofuels in the Brazilian transport matrix which
are produced more sustainably, thus contributing
to decarbonization of the sector, in line with the
commitments made by Brazil at the Paris Climate
Conference (2015).

To implement RenovaBio, at the request of

the Secretariat for Petroleum, Natural Gas

and Biofuels within the Ministry of Mines

and Energy (MME), a team composed of
Embrapa Environment, the State University

of Campinas, the Brazilian Biorenewables
National Laboratory, and Agroicone developed
RenovaCalc,? a tool for estimating the carbon
intensity of biofuels (Matsuura et al,, 2018). In
the current public version, the calculator works
with four types of biofuels: ethanol, biodiesel,
biomethane, and aviation biokerosene,
obtained through nine technological pathways
(Agéncia Nacional do Petréleo, Gas Natural e
Biocombustiveis, 2022).

RenovaCalc's methodological basis is the
attributional LCA, focused exclusively on the
“climate change”impact category and spanning
"from well to wheel’, in other words, accounting
GHG emissions throughout the entire production
chain, from extraction of natural resources,
acquisition, production, and processing of
biomass through its conversion into biofuel, to
combustion in engines, and including all stages
of transportation (Matsuura et al.,, 2022).

20 Available at: https://www.gov.br/anp/pt-br/
assuntos/renovabio/renovacalc


https://www.gov.br/anp/pt-br/assuntos/renovabio/renovacalc
https://www.gov.br/anp/pt-br/assuntos/renovabio/renovacalc
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RenovaCalc has some advantages over

other carbon accounting tools applied to
international agroenergy policies: a) it allows
the use of primary data, detailing the specific
profile of the biofuel producer; b) it provides the
entire calculation structure in an open manner,
ensuring transparency; and ¢) it operates on
Microsoft Excel software, which is widely used.
In general terms, RenovaCalc requires two sets
of data to be filled in by the user: agricultural
data and industrial data. For the biomass
production phase, the quantities of agricultural
and energy inputs consumed must be reported,
along with the area and volume of production.
For the biofuel conversion phase, data on
product and co-product yields must be entered,
as well as energy consumption and other
industrial inputs.

RenovaCalc estimates GHG emissions from the
agricultural and industrial processes which,
combined with background emissions (from
the Ecoinvent database), result in the carbon
intensity (Cl) of the biofuel life cycle, expressed
in g CO.eq/MJ. The Cl of the biofuel, subtracted
from the Cl of its equivalent fossil fuel (for
example, gasoline, in the case of ethanol,

or diesel, in the case of biodiesel), results in

the Nota de Eficiéncia Energético-Ambiental
(Energy-Environment Efficiency Score, NEEA), an
indicator that represents the mitigation of GHG
emissions due to the introduction of the biofuel
into the transportation matrix as a substitute for
the fossil fuel.

The NEEA is used to calculate decarbonization
credits (CBios), environmental assets traded

on the stock exchange. Each CBio corresponds
to one ton of CO,eq avoided. The “retirement”
(in other words, permanent removal) of

CBios mitigates the GHG emissions defined

in RenovaBio's annual targets. Between 2020
and February 2025, the program had already
mitigated more than 160 million tons of CO,eq.

Livestock carbon footprint
calculator - efforts to increase
efficiency and mitigate emissions
from Brazilian cattle farming

Embrapa’s efforts to help increase production
efficiency and mitigate GHG emissions resulted
in the development of the Calculadora de
Pecuaria de Baixo Carbono (Low-Carbon
Livestock Calculator, CPBC). The CPBC is a tool
for calculating the carbon footprint of a kilogram
of meat or milk produced, expressed in kg of
COzeq/kg of product. The tool calculates enteric
methane emissions from animal digestion and
the methane produced by manure management
from small, medium, and large rural operations.
This calculator takes into account the carbon
footprint of the food used or produced on

the farm and destined for animal feed, and is
aligned with Embrapa’s platform for generating
agricultural inventories in life cycle assessment
studies (ICVCalc). The CPBC also estimates carbon
emissions and removals resulting from land

use change, as well as potential removals on
properties that adopt integrated crop-livestock-
forestry (ICLF) or integrated livestock-forestry
(ILF) systems, which include trees where most of
the carbon is stored. The mathematical models
are based on the Intergovernmental Panel on
Climate Change (IPCC) (Ogle et al., 2019), the
FAQ Livestock Environmental Assessment and
Performance Partnership (LEAP) guidelines
(Food and Agriculture Organization of the
United Nations, 2015) and the ISO 14040, 14044
(International Organization for Standardization
20063, 2006b) and 14067 (International
Organization for Standardization, 2018)
standards.

Low-carbon beef and milk production starts
from the premise that reducing emissions is
a challenge, since it depends on the level of
technology that each farm adopts and the
maturity of the production system.



218 SCIENCE FOR CLIMATE AND SOLUTIONS FOR BRAZILIAN AGRICULTURE [..]

In Brazil, the wide diversity of climate and soll
conditions allows for different technological
combinations, resulting in strong contrasts
between production systems. As a result, there
is no single adjustment pathway for all systems
and environments. Considering the different
possible GHG mitigation and removal strategies,
various technologies can be adopted, promoting
direct or indirect emission reductions. Even
within this context of complex systems and
possible trajectories, the CPBC allows producers
and processors to manage the technical and
environmental performance of products.

Once the input information has been filled in,
the tool generates the results for net emissions
per kilogram of product for the user, and also
indicates the main emissions sources. The entire
process of calculating and generating results is
incorporated into a platform that manages the
indicators for each property. The platform can
also be used to manage the performance of
suppliers over time, or to simulate technologies
that can improve the performance of each
production system. For industry, it is a digital
system that securely and quickly aggregates data
from its suppliers, technicians, and production
systems. It can be used to develop commercial
arrangements, through collaborations between
companies in a production chain interested

in promoting the introduction of sustainable
practices on livestock farms, with a focus on
low-carbon livestock farming as a market
differential, for example. New business models
can be developed, including training activities
and performance monitoring for rural properties
throughout Brazil. Another opportunity is for
producers and primary processing industries
(dairies and slaughterhouse) to join Embrapa’s
low-carbon protocols, with support from
calculators and certification schemes.

Since 2012, Embrapa has been conducting
studies on cattle production protocols with
a focus on efficiency and mitigating GHG

emissions. Initial efforts focused on production
systems or on-farm activities based on good
agricultural practices and technological
processes listed in the federal government’s
Plano Setorial de Mitigacao e de Adaptacao as
Mudancas Climaticas para a Consolidacao de
uma Economia de Baixa Emissdao de Carbono

na Agricultura (Sectoral Plan for Mitigation

and Adaptation to Climate Change for the
Consolidation of a Low-Carbon Economy in
Agriculture, also known as the ABC Plan), Plano
Nacional de Agricultura de Baixa Emisséo de
Carbono (National Low-Carbon Agriculture Plan,
for the 2010-2020 period) (Brasil, 2012), and the
Plano de Adaptacéo e Baixa Emissao de Carbono
na Agricultura (Adaptation and Low-Carbon
Agriculture Plan, ABC+ Plan, for the 2021-2030
period) (Brasil, 2021).

Along these lines, protocols for products such
as low-carbon beef (Almeida; Alves, 2020),
low-carbon leather (Jacintho et al,, 2024), low-
carbon calf, and low-carbon milk (currently
under development) have been proposed;
these efforts involve traceability and third party
certification (with MRV-type verification), as well
as mandatory requirements such as a ban on
the use of fire and deforestation, based on the
Pacto Setorial da Pecuéria (Livestock Sector Pact)
(Sustainable Amazon Forum, 2008).

The CPBC is developing integrated activities to
structure a tropicalized database on emissions
from agricultural inputs, as well as spreadsheets to
collect data from the meat and leather industry, in
order to express the carbon footprint per livestock
product in accordance with global demands for
more efficient and sustainable farming.

Reducing the carbon
footprint of yellow melons
Studies on the carbon footprint of yellow melons

were carried out between 2011 and 2014 in
the two main producing regions of Brazil: Baixo
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Jaguaribe-Apodi, on the border between Ceard
and Rio Grande do Norte, which accounted for
97% of production destined for export in 2024
(Brasil, 2024), and the Sub-mid Sao Francisco
River Basin, on the border between Pernambuco
and Bahia, with production that mainly goes to
the domestic market. The carbon footprint of
melons produced in Ceard and Rio Grande do
Norte was assessed per kilo of fruit exported,
based on global warming potential (GWP)

as defined by the IPCC (2006), considering a
100-year horizon. The study compared: a) the
commercial monocropping system adopted

by farms in the region (Figueirédo et al., 2013)
and b) the rotation system with grasses and
legumes, in an experimental area (Barros et al,,
2019). In the Sub-mid Sao Francisco region, the
footprint was estimated for both commercial
monocropping and rotation with plant cocktails
in experimental areas, with the results expressed
per kilogram of melon transported to the
Companhia de Entrepostos e Armazéns Gerais
de Sao Paulo (CEAGESP, the city of Sao Paulo’s
main wholesale produce hub). In this case, the
IPCC's GWP (2013) was adopted, which revised
the methane value from 25 to 36 (Santos et al.,
2018). These studies considered all stages of the
chain: LUC production and transportation of
inputs, seed and seedling production, and melon
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cultivation, as well as post-harvest, packaging,
and transportation to different destinations.

The results of these studies in two different
locations (Figure 6.5) showed that the

average carbon footprint of melons from the
monocropping system, considering production
for less than 20 years in areas occupied with
Caatinga vegetation, was higher than that

of the rotation system with green manures
(experimental areas): between 0.71 and 0.75

kg CO.eq/kg of melon for monocropping, and
between 0.52 and 0.58 kg CO,eq/kg of melon
for the rotation system. The authors observed
that the footprints in the rotation systems could
be reduced even further if nitrogen from green
manures replaced the use of synthetic nitrogen
fertilizers, even if only partially (Barros et al,, 2019;
Santos et al., 2018). Additionally, shipping melons
to the port of New York instead of Rotterdam
reduced the footprint of exported melons by 2%
(Barros et al., 2017).

Analysis of the processes related to the carbon
footprint of monocropping melons indicated that
production of the inputs used in the field and
melon production itself were the processes that
contributed most to this footprint in the Jaguaribe-
Apodi region (Figure 6.6).

GHG emissions from the production of nitrogen

Sub-mid Sao Francisco

Figure 6.5. Carbon
footprint of melonsin a
monocropping system
and in rotation with green
manures.

Source: Adapted from Figueirédo

etal. (2013), Barros et al. (2017), and
Santos et al. (2018).

5-year rotation
with a green cocktail

25% leguminous species and
75% non-leguminous species
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fertilizers and plastics (ground covers and plastic
trays) played the most significant role in the
accounting for emissions from the production of
inputs. Emissions from LUC, when the area with
Caatinga vegetation was converted into agricultural
land, were the main cause of the total emissions
generated in the field (Figueirédo et al, 2013).

As an innovative solution to reduce this footprint,
adjustment scenarios were proposed for
commercial monocropping in the Jaguaribe-
Apodi region: a) using fertilizers as recommended
in the scientific literature; b) reducing the use

of plastics, considering that some farms did

not use trays; and ¢) planting in areas that had
already occupied by agricultural production for
over 20 years, which was the case observed on
some farms (Figure 6.6). The footprint evaluation
in these scenarios showed that the farms in the
Jaguaribe-Apodi region used 33% more nitrogen
than recommended for the crop, which could

be reduced, leading to a 6% smaller footprint
(Scenario 1). Establishing production in an

area that had already been deforested over

20 years before would decrease the footprint

of monocropping by 24% (Scenario 2), while
eliminating the use of plastic trays to prevent
the melon from coming into contact with the
ground cover in the field would reduce the
footprint by 13% (Scenario 3). Combining these
scenarios would result in a 44% reduction in the
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Seedling production

0.8 Seed production
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footprint of monocropping melons (Figueirédo
etal, 2013).

According to Santos et al. (2018), the main
processes that contributed to the carbon
footprint of melons in rotation with a plant
cocktail in the Sub-mid Sao Francisco region were:

Transporting the melons by road to Sao Paulo
(accounting for 58% of the footprint);

Establishing the crop in an area that had been
deforested for less than 20 years (20%);

Using cardboard packaging to transport the
melons (20%); and

Producing and applying synthetic nitrogen
fertilizers in the field (18%).

The innovation solution in this case consisted

of replacing transport exclusively by road with a
combination of road and ocean transport to Sdo
Paulo, establishing the crop in an area that had
been free of deforestation for more than

20 years, and using only green manure for
nitrogen fertilization (since the amount of
nitrogen offered by the manure was more than
the crop needed), reducing impacts by 30%.

Reducing the water footprint
of yellow melons

In order to reduce the water footprint of the
melons grown in the Northeast, the key is to

I Ship transportation of melon Brazil-Netherlands

Figure 6.6. Analysis of scenarios that
contribute to reducing the carbon
footprint of monoculture melons in the
Jaguaribe-Apodi region.
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No deforestation

I
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Source: Adapted from Figueirédo et al. (2013).
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increase the efficiency of water use in irrigation
and to produce at times when water is less
scarce. This is one of the conclusions of the LCA
study and water scarcity footprint calculations
for yellow melon production in the country’s two
main producing regions, both in the Northeast.

A crop's water scarcity footprint considers the
various processes associated with its life cycle
and is calculated by multiplying two factors:
the crop's water consumption per kilogram of
product, and the region’s scarcity index, which
indicates its vulnerability to reduced water
availability (Figueirédo et al,, 2014; Santos et al.
2018). In the melon study, this calculation
considered the average water consumption per
process (for example, fertilizer production and
agricultural production) and the scarcity indices
for the main regions where the processes take
place, weighting the consumption and the index
according to the proportion of each region.

As for water consumption to irrigate the

melons, the volume of water and the quantity

of production per cycle as reported by the
farmers were compared with the crop’s gross
water requirement, calculated from the reference
evapotranspiration during the growing months
(ina 70-day cycle), the actual rainfall in the
producing region, the crop coefficient (FAQ,
1997), and the efficiency of the irrigation system
(in this case, drip irrigation).

To calculate the scarcity index, the Water Stress
Index (WSI) was used, in the melon study
produced in the Jaguaribe-Acu region, which
normalizes the value of a crop’s footprint in
relation to a global reference value (Figueirédo
et al, 2014). The scarcity index used in this
evaluation is measured in L H.Oeqg/kg of product,
and was calculated by Ridoutt and Pfister (2010).
In contrast, the Sub-mid Sao Francisco study only
assessed water consumption during the melon
life cycle (Santos et al,, 2018), without calculating
the water scarcity footprint.

The volume of water consumed to irrigate the
melons was found to be greater than the crop’s
water requirement, in both the Jaguaribe-Apodi
and the Sub-mid Sao Francisco regions. On the
Jaguaribe-Apodi farms, the average volume of
reported irrigation water varied from 186 to 202
L/kg of melon depending on the production
period, which runs from July to February, with
the lowest water consumption from July to
September. A comparison between the volume
applied and the quantity required for the crop
showed that 39% more water than necessary
was applied to melon crops from September

to November, while 160% more water was
applied between December and February (the
period with the lowest irrigation requirements)
(Figueirédo et al., 2014). Also in the Sub-mid

Sao Francisco region, comparison between the
volume of water applied during the growing
season (July to December) — 9,000 m3/ha in any
month — and requirement of this crop (2,700
m>3/ha, on average) demonstrated excessive use
of this scarce resource in the Semi-Arid region of
Brazil's Northeast (Santos et al., 2018).

Excessive water use resulted in lower productivity
in the Jaguaribe-Apodi region (Figueirédo et al,,
2014).The highest yield (40 t/ha) was achieved
when the lowest irrigation volume was used (89
L/kg), while the lowest yield (14 t/ha) occurred
when the highest irrigation volume was applied
(446 L/kg).

The average water scarcity footprint was 13540 L
H.Oeq/kg for melons produced in the Jaguaribe-
Apodi region and exported (Figueirédo et al,,
2014). Total water consumption during the life
cycle of melons in this region was 197.90 L/kg,
with 98.6% of this total coming from irrigation.
The highest average scarcity rate was associated
with fertilizer production, considering that in
2010 the main producing regions were: Chile
(63% of production), Portugal (15%), Israel

(10%), and other countries (12%). However,
water consumption during fertilizer production
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accounted for only 0.5% of total water
consumption in the melon’s life cycle. Therefore,
the key to reducing this footprint is to boost the
efficiency of water use in irrigation, and intensify
production in less scarce months.

Reducing carbon and water
footprints in mango production

LCA and carbon/water footprint calculation also
help solve problems related to carbon emissions
and water scarcity in mango production. The
mango footprint assessments took place in

the Sub-mid Sao Francisco region, which was
responsible for 92% of Brazil's mango exports

in 2024 (Brasil, 2024). The analyses were carried
out per kilogram of mango, taking into account
the production and transportation of inputs,
LUC, and production of seedlings and mangoes
in experimental areas (Dias et al., 2020), as

well as post-harvest treatment and packaging
in commercial monocropping areas (Muller
Carneiro et al,, 2019).

The carbon footprint of the commercial
monocropping system was evaluated
considering the IPCC's GEE GWP (2007) for 100
years. Meanwhile, the mango footprint in the
experimental area (whether plant cocktails was
used or not) was evaluated considering the
IPCC's GWP (2013). Both studies considered that
the mango orchards were established in areas
previously occupied by Caatinga vegetation.
The water scarcity footprint was assessed using
the Aware (Available Water REmaining) method
(Boulay et al,, 2018), using country-level indices.

With regard to the carbon footprint (0.13 kg
CO»eq/kg of mango), the main factor in the
commercial system was found to be the GHG
emissions resulting from production and
application of nitrogen fertilizers in the orchards
(MUller Carneiro et al,, 2019). Although the
mango biomass sequestered more carbon

than the Caatinga vegetation, this stock did not
compensate for the carbon losses in the soil in

the monocropping system, or the GHG emissions
from field production and the rest of the chain.
But in mango production with green manure
(experimental area), a negative carbon footprint
was observed (-0.82 kg CO,eq/kg of mango),
16% lower than the footprint observed in the
monocropping plots (Dias et al,, 2020).

The lower carbon footprint in the system

using green manure resulted from the greater
sequestration of carbon in the biomass and soil
(6,964 kg CO,eq/kg over eight years) provided
by the plant cocktails (75% legumes and 25%
non-legumes), which were kept in the ground
as mulch and incorporated annually into the
soil between the mango tree rows. In the plots
without green manure, the carbon stock was
4,590 kg CO.eq/kg over eight years.

Furthermore, in the scenario where the orchard
was established in an area previously occupied
by melons, the mango’s carbon footprint was
reduced by 78% compared to the situation
where Caatinga vegetation was removed (Dias
et al, 2020).

With regard to the water scarcity footprint

(0.9 m3-eq/kg of packaged mango), in the
commercial system, 78% of this impact was
due to water consumption in irrigation (Muller
Carneiro et al,, 2019) and the remainder from
sanitizing the fruit during the post-harvest and
packaging stages. The average reported water
consumption was consistent with the crop’s
gross water requirement, although the values for
the establishment, growth, and full production
stages differed.

The mango scarcity footprint in the experimental
area with green manure, 2.82 m3-eq/kg of mango
(Dias et al,, 2020), was higher than the value of 0.9
m3-eq/kg of packaged mango observed in the
commercial monocropping system, which also
considered post-harvest (MUller Carneiro et al,,
2019). This was mainly due to the lower mango
production per hectare in the experimental area
(6,379 kg/ha, with fewer mango trees to cover
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the area with green manure) compared to the
commercial areas, where the average was
34,700 kg/ha.

Reducing the carbon and water
footprint of green coconuts

Calculation of the carbon and water footprints
guides reduction of these impacts by
recommending that coconut orchards be
established in areas already occupied by
agriculture and more efficient use of irrigation
water and nitrogen fertilizers.

The study by Sampaio et al. (2021) on the
carbon footprint and water scarcity of one
kilogram of green coconut covered commercial
production on six monocropping farms

located in the states of Ceard, Alagoas, Sergipe,
and Bahia. These states accounted for 59%

of national production in 2023 (Associa¢ao
Brasileira dos Produtores e Exportadores de
Frutas e Derivados, 2025) and 57% of the

value of coconut exports in 2024 (Brasil, 2024).
This study considered the processes of LUC,
production and transportation of inputs, and
coconut production; one of the farms in Ceard
utilized an organic system, while the others used
a traditional system with various agrochemicals.
The carbon footprint was calculated using

the IPCC's GWP (2007), and the water scarcity
footprint was estimated using the Aware
method (Boulay et al. 2018).

The carbon footprint for coconut ranged from
0.12 (on the farm in Alagoas) to 0.36 kg CO.eq/kg
of coconut (on one of the four farms in Ceara
using a traditional system) in cases where the
orchard replaced native Caatinga vegetation.
These farms showed significant differences in
productivity (60 t/ha in Alagoas and 19 t/ha in
Ceard), GHG emissions from LUC (higher in the
Caatinga vegetation regions in Ceara and Bahia),
and the amounts of fertilizer applied (higher on
the Ceard farm).

On all farms, GHG emissions mainly resulted
from LUC and the use of nitrogen fertilizers. If
the orchards were located in areas previously
occupied by annual crops, there would be a
3710 61% reduction in the carbon footprint,
depending on the region of the farm. As for the
use of fertilizers, discrepancies were observed
between the amounts of nitrogen, phosphorus,
and potassium applied on all farms and the
values indicated by Fontes and Ferreira (2006).
For example, using fertilizers according to these
recommendations on the farms in Ceara would
reduce the footprint by at least 51%, depending
on the farm.

Meanwhile, the water scarcity footprint of green
coconuts varied from 0.3 to 0.7 m*eqg/kg on the
farms in Ceard. Again, water consumption for
irrigating the coconut trees was the biggest
culprit, accounting for between 68 and 92%

of the footprint, according to the farm. On five
farms, the volume of water applied per plant
was more than necessary (between 12 and
131% higher, depending on the farm), while
on two farms it was lower, with direct impacts
on decreased fruit size and coconut water
production.

Furthermore, in each state, the location of the
farms in different river basins with significant
coconut production was found to influence the
coconut water scarcity footprint values, due to the
differences in the scarcity indices. Considering the
annual scarcity index of the river basins (Boulay
etal, 2018), the results were as follows: in Sergipe,
the smallest footprint occurred in the Sergipe state
basin (0.28 m®eq/kg) and the largest in Vaza Barris
(0.62 m’eq/kg); in Ceard, the highest value was
recorded in the metropolitan basin (0.76 meq/kg)
and the lowest in Curu (0.33 meg/kg); in Bahia,
the largest footprint occurred in the Reconcavo
Sul basin (0.67 meg/kg) and the lowest in
ltapicuru (0.19 m®eq/kg); and in Alagoas, the

Sao Miguel, Coruripe, and Piaui basins had the
largest footprint (0.42 m®eq/kg), while Camaragibe
had the lowest (0.22 m*eqg/kg).
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Life cycle assessment of wheat
— Global Warming Potential

The production chain for wheat and derived
products is part of other food production
chains that cause GHG emissions, while it is
simultaneously impacted by global climate
change. Studies on the environmental impacts
of wheat grown in subtropical and tropical
environments are still scarce, creating a
knowledge gap that needs to be filled. Among
the various initiatives to promote the growth

of Brazilian wheat production, the country has
contributed to advancing scientific knowledge
and promoting the sustainability of the wheat
production chain (Figure 6.7). Efforts are focused
on identifying the environmental impacts of the
Brazilian wheat cultivation and flour production
system, as well as proposing strategies for
mitigating and adapting to climate change.

Within this context, the first in a sequence of
studies on the LCA of wheat and wheat flour
was carried out in the homogeneous regions
where wheat cultivars are adapted in Brazil. The
initial focus was on the GWP or carbon footprint

SCIENCE FOR CLIMATE AND SOLUTIONS FOR BRAZILIAN AGRICULTURE [..]

impact category, but others are also being
examined, such as ecotoxicity, eutrophication,
human toxicity, terrestrial acidification, and water
consumption. Based on primary data from 61
farms, a grain processing plant, and a mill located
in one of Brazil's main wheat-producing regions,
Giongo et al. (2025) reported the environmental
impacts of wheat and wheat flour considering
four processes: wheat cultivation, transportation,
grain processing, and milling for flour production.
The life cycle of wheat production (from the
cradle to the farm gate) accounted for 67 to

98% of the potential impact on the categories
assessed for flour production.

With regard to the GWP impact category, the
wheat cultivation stage in Brazil emitted an
average of 0.50 kg CO,eq/kg of wheat on small
and large farms (Giongo et al,, 2025). This value
is still high compared to wheat produced in
Germany (Riedesel et al,, 2022) and Australia
(Simmons et al,, 2019), but is below the world
average (Feng et al,, 2023) and competitive with
European countries such as Italy (Verdi et al,,
2022) (Figure 6.8).
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Figure 6.7. Wheat area in Brazil (in thousand ha).
Source: CONAB (2025b).



CHAPTER 6 - Carbon accounting and life cycle assessment for Brazilian agricultural products 225

GWP (kg €0,eq/kg wheat™)
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Italy’
Iran’
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Africa’
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0.35
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0.58

0.55
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0.24

Asia’ 0.68
Europe’ 033
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American 042

Oceania’ 0.29

Global® 0.60

Figure 6.8. Comparison of the carbon footprint for
production of 1 kg of wheat in different countries
around the world.

Source: 'Giongo et al. (2025); 2Simmons et al. (2019); *Shao et al.

(2024); “Riedesel et al. (2022); °Nayak et al. (2023); “Verdi et al. (2022);

Tahmasebi et al. (2018); #Pishgar-Komleh et al. (2020); °Feng et al.
(2023).

Scenario analysis also indicated opportunities
to reduce the carbon footprint in the wheat
cultivation stage by up to approximately

36%, by replacing nitrogen fertilizer sources
(scenario 1) and using more productive cultivars
(scenario 2) (Giongo et al,, 2025). In scenario

1, large and small farms that applied 155 and
148 kg/ha of urea, respectively, replaced this
input with 265 and 253 kg/ha of CAN (calcium
ammonium nitrate) produced in Europe; this

substitution generates lower impacts in terms of
both fertilizer production and emissions in the
field. Other technologies with the potential to
mitigate nitrous oxide emissions and increase
the efficiency of nitrogen absorption by plants
include the use of slow-release nitrogen sources,
green ammonia (Galusnyak et al,, 2023), and
wheat cultivars with biological nitrification
inhibition (BNI) capacity (Wang et al,, 2021; Lu
etal, 2024).

Another strategy associated with both mitigating
and adapting to climate change, which has
potential to reduce wheat'’s carbon footprint at
the cultivation stage, is the emerging challenge
of genetic improvement to increase production
efficiency in the face of the climate scenarios
predicted for the global South and North.

In a Brazilian study (Giongo et al., 2025) that

used scenario 2 and was based on nine years

of evaluating wheat genotypes (Castro et al,,
2023), cultivars that produced an average of
4,039 kg/ha and 3,569 kg/ha on large and small
farms, respectively, were replaced with a cultivar
with an average yield of 5,876 kg/ha. Current
productivity gains, however, may be insufficient
to meet future demand for wheat, which
requires concerted efforts to diversify, improve,
and intensify genetic improvement (Cavalet-
Giorsa et al. 2024), cultural practices and soil

and water management, and conservation to
increase productivity and ensure sustainability.
For this reason, it is fundamental to understand
the genetic mechanisms that promote adaptive
success for profitable and stable wheat
production in the future (Zhou et al,, 2020),
especially as the climate becomes more unstable
(Xiong et al,, 2024). Although adaptation of
wheat varieties to future climatic conditions is
crucial, a complete understanding of this process
remains limited (Han et al., 2025), and advances
need to be incorporated into predictive scenarios
of environmental impacts, such as those used in
LCA.
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The carbon footprint of Brazilian flour varied
between 0.67 and 0.80 kg CO,eq/kg of flour
made from wheat grown on large and small
farms, respectively (Giongo et al. 2025). These
values are lower than those reported for wheat
flour produced in Spain (0.89 kg CO,eq/kg flour;
Camara Salim et al., 2020) and Italy (0.95 kg
CO,eq/kg flour; Kulak et al., 2015). Nitrogen and
phosphate fertilizers were the emission sources
that had the greatest impact on the cultivation
stage, where scenarios considered replacing
urea with CAN (scenario 1) and using more
efficient and productive cultivars (scenario 2).
The transportation, grain processing, and wheat
milling stages for flour production made the
smallest contributions to the carbon footprint.
However, replacing hydroelectric energy with
photovoltaic energy in the grain processing
(scenario 3) and wheat milling (scenario 4)
stages was found to be an opportunity to
reduce the footprint of wheat flour produced

in Brazil. After applying the four scenarios, it
was possible to reduce the carbon footprint of
Brazilian wheat flour to 0.48 and 0.52 kg CO,eq/
kg of flour, using wheat from large and small
farms respectively, showing average values that
are very competitive compared to other regions
of the world (Figure 6.9). These results are close
to the lowest levels reported in France and
Portugal, both with a value of 0.50 kg CO,eq/kg
of flour (Kulak et al., 2015).

The studies found that the carbon footprint
varied between 0.48 and 1.66 kg CO,eq/kg
of flour (Kulak et al,, 2015; Camara Salim et al,,
2020; Pourmehdi; Kheiralipour, 2020; Giongo
et al,, 2025). This variation is to be expected,
considering the different soil and climatic
conditions and management practices,
which vary on a regional scale (Camara Salim
et al,, 2020) and represent opportunities for
improvement.

GWP (kg €0,eq/kg wheat™)

Brazil'
(Large farm)

Brazil'
(Small farm)

Brazil'
(Large farm scenario 1)

Brazil
(Large farm scenario 2)

Brazil

(Small farm scenario 1) - 0.48
Brazil'

(Small farm scenario 2) - 0.52

France 1’ 0.50

France 2’ 1.66
Iran’ 0.69
Italy’ 0.95

Portugal’ 0.50

Spain’ 0.89

Figure 6.9. Comparison of the carbon footprint for
production of 1 kg of wheat flour in Brazil and other
countries.

Source: 'Giongo et al. (2025); *Kulak et al. (201
(2020); “Pourmehdi and Kheiralipour (2020).

5); *Camara Salim et al.

Life cycle assessment of
wheat - other environmental
impact categories

GWP expressed in CO, equivalent, is the

most widely used category for assessing the
environmental impact of agricultural systems
on the climate, and also most commonly used
for discussing climate change mitigation and
adaptation policies. However, it is important to
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note that other categories of environmental
impact are equally relevant for multifactorial
analysis of the sustainability of agricultural food
production chains. In the case of Brazilian wheat,
the LCA study includes other impact categories,
such as potential for water consumption, terrestrial
acidification, eutrophication?' in freshwater, marine
eutrophication, terrestrial ecotoxicity, freshwater
ecotoxicity, marine ecotoxicity, and human toxicity
(cancer and non-cancer), using the Aware and
ReCiPe methods (Giongo et al,, 2025). For example,
Brazilian wheat flour production has notably
positive performance in relation to freshwater
eutrophication and marine eutrophication. These
two impact categories are directly related to the
amount of fertilizers used and their potential for
leaching into agricultural areas. The potential® for
marine eutrophication resulting from the leaching
of nitrogen compounds in wheat flour production
in Brazil is 500 to 1,500 times lower than for
production in countries such as France, Italy, and
Portugal (Kulak et al, 2015; Giongo et al, 2025).
Replacing urea with CAN may further reduce the
potential impact in this category (Figure 6.10).

Another example of the good environmental
performance of Brazilian rainfed wheat flour
can be seen in the low values for freshwater
ecotoxicity and human toxicity potential
compared to values observed in countries

such as France and Italy. Finally, this same
comparative analysis identified opportunities
for improvement in relation to the potential for
terrestrial acidification and terrestrial ecotoxicity,
where values were higher than those recorded

21 Eutrophication is a process of excessive enrichment of
nutrients, especially nitrogen and phosphorus, in bodies
of water (such as lakes, rivers and reservoirs), which leads
to accelerated growth of algae and aquatic plants.

?2 The term “potential”is conventionally used, because
LCA does not deal with actual impacts, but rather the
potential for a given product or service to generate
impacts.
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in European countries (Kulak et al,, 2015; Giongo
etal, 2025).

Integrated and systemic analysis of GWP

with other impact categories is essential for
developing sustainable wheat production
models that are suitable for each of the
homogeneous regions where wheat cultivars
are adapted in Brazil. This approach strengthens
the design of programs such as the Low-Carbon
Wheat Program, which strives to promote the
sustainability of wheat production through
good agricultural practices and technologies
that reduce the net intensity of GHG

emissions, increase productive, economic, and
environmental efficiency, and boost the adaptive
resilience of cultivation systems.

Future prospects

The climate emergency and the need to advance
sustainable development, reflected in the
commitments made in the Paris Agreement,
require significant changes in agri-food systems.
New technological standards must be based on
clean production systems, with a positive carbon
balance, efficient use of water and fertilizers in
production, and investments in the conservation
and sustainable use of biodiversity. Agricultural
growth should be based on a balance between
production and environmental performance.
Increased efficiency could guarantee greater
agricultural production, without the need to clear
new areas.

The road to sustainable agriculture is paved by
Brazil's public policy framework, which includes
the ABC Plan, RenovaBio, Programa Nacional de
Solos do Brasil (National Soil Program for Brazil,
PronaSolos), National Bioinput Program, ZARC,
Politica Nacional de Pagamento por Servicos
Ambientais (National Policy for Payment for
Environmental Services), ratification of the
Acordo de Negociacao sobre Biodiversidade
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Figure 6.10. Comparison of environmental impact categories for the production of 1 kg of wheat flour in Brazil
and other countries, in the current context and in proposed scenarios. TAP = terrestrial acidification potential;

FEP = freshwater eutrophication potential; MEP = maritime eutrophication potential; TET = terrestrial ecotixicity;
FET = freshwater ecotoxicity and HTPc = human toxicity potencial cancer.

Source: 'Giongo et al. (2025); *Kulak et al. (2015); *Camara Salim et al. (2020) and “Pourmehdi and Kheiralipour (2020).

(Negotiating Agreement on Biodiversity), the
Native Vegetation Protection Law (also known as
the Forest Code), Politica Nacional de Recursos
Hidricos (National Water Resources Policy), and
the national programs to prevent and control
deforestation in the different biomes.

In this context, it is essential to develop and
improve impact assessment metrics that
highlight the competitive advantages of tropical

agriculture and indicate points for improvement,
contributing to decarbonization, efficient

use of water resources, and minimization of
environmental impacts.

Because of its complete and robust nature

and its transparency and scientific credibility,

the LCA has become the foundation of many
certifications, to address non-tariff barriers in
international trade and for investments.
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The main challenges for advancing the
application of LCA in tropical agriculture include:

- Improving models and tools for land use
change, including improving data sources on
land use dynamics and carbon stocks in soil
and biomass.

- Improving dispersion models and
emission factors for substances originating
in agricultural processes and destined for
environmental compartments, in tropical
soil and climate conditions, considering the
complexity of production systems.

- Generating and inserting updated life
cycle inventory data into international
forums and databases for the main chains of
agricultural products and inputs, ensuring
greater reliability and credibility in impact
assessments. This is essential to guarantee the
competitiveness of Brazilian agriculture and to
correct misunderstandings about this sector,
guiding public policies and initiatives by both
the government and the productive sector.

- Providing LCA support tools for agricultural
products, boosting the efficiency and
consistency of metrics, and supporting
assertive actions for decarbonization and
efficient use of irrigation.

- Generating the carbon footprint, water
footprint, and environmental profile of Brazil's
leading export products and indicating
recommendations and management
practices to improve these profiles.

- Integrating LCA tools with other
sustainability criteria and indicators,
including value for native vegetation reserves
associated with Brazilian rural landscapes.

- Disseminating the LCA culture in agri-food
chains, making it possible to integrate and
harmonize data and communicate impacts
and externalities.

Carbon accounting and life cycle assessment for Brazilian agricultural products
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Embrapa, which has been developing LCA
studies for agricultural systems since 2009,
stands out as a reference on the subject in Brazil.
LCA inventories, tools, and studies like those
presented in this chapter have generated intense
demand for applications in a wide variety of
contexts.

This chapter has provided a brief overview of the
solutions that can be applied to measure and
guide activities to attain a more favorable carbon
balance in agriculture, along with various other
environmental co-benefits.
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Sample result from Embrapa’s low-

carbon milk calculator

The carbon balance is calculated as the sum of
emissions minus carbon removals in meat and

milk production systems. To obtain the sum of
emissions, Embrapa’s low-carbon livestock calculator
estimates the GHG emissions resulting from enteric
fermentation, manure, and food production. To
subtract removals, the calculator estimates carbon
sequestration in agricultural soils, pastures, and tree
trunks in integrated crop-livestock-forestry systems.

The figure below shows simulations in which the
carbon balance of milk is represented in blue, and
decreases as different complementary technologies
are adopted.

- Inthe first bar on the left represents a
conventional or “baseline” milk production result,
characterized by grazing with low technology
adoption.

« Inthe second bar, the farm started using
superior genetics specialized in milk production,
resulting in a 37% smaller carbon footprint.

« In the third bar, soil management was improved
by adopting no-till farming in crops destined for
animal feed and pasture intensification, resulting
in a footprint 40% smaller than the baseline.

- Inthe fourth bar, trees were incorporated
into the milk production system; they not only
contribute to the comfort and well-being of the
cows, but also sequester carbon in their trunks,
resulting in a 46% smaller footprint than the
conventional system.
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