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A B S T R A C T

Wheat and wheat flour play a vital role in global food security. There is a knowledge gap regarding the envi-
ronmental impacts associated with wheat cultivation and wheat flour production in subtropical and tropical 
environments. As one of the world’s major grain producers, Brazil needs to identify and mitigate the environ-
mental impacts of its agricultural products. This study aimed to (1) identify the environmental impacts of the 
Brazilian wheat cultivation and flour production system and (2) propose strategies to mitigate the environmental 
impacts. The study was conducted in Brazil’s main wheat-producing region, assessing 61 farms in the wheat 
cultivation, grain transport, processing, and milling processes. Environmental impacts were calculated using 
SimaPro 9.5.0.2 with the Ecoinvent® v3.5 database. Wheat cultivation was the primary source of environmental 
impacts in Brazilian wheat flour production, contributing between 67% and 98% across the categories analysed. 
The carbon footprint of wheat cultivation was 0.50 kg CO2eq kg wheat− 1, while wheat flour production ranged 
from 0.67 to 0.80 kg CO2eq kg flour wheat− 1. Field emissions, particularly N₂O from urea, significantly impacted 
the global warming potential (GWP). The grain transport had a marginal environmental impact (<1.5%), and the 
grain processing contributed minimally, while wheat milling had a higher impact on freshwater eutrophication 
potential (FEP). Replacing urea with calcium ammonium nitrate (CAN) and more productive wheat varieties 
reduced environmental impacts in the wheat cultivation process. The use of photovoltaic energy in grain pro-
cessing and milling reduced industrial environmental impacts. Brazilian wheat flour proved to be environmen-
tally competitive compared to production in other countries, especially in terms of carbon footprint, providing 
insights into wheat cultivation for subtropical and tropical environments.

1. Introduction

Food production has been reported as one of the principal causes of 

greenhouse gas (GHG) emissions, contributing significantly to climate 
change (Feng et al., 2023a). Moreover, crop cultivation and food pro-
duction impact other environmental categories, such as ecotoxicity, 
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freshwater use, eutrophication, and acidification (Rafiee et al., 2024). 
Considering the growth of global population, which may reach 10.2 
billion by the end of the century (United Nations, 2024), there is a ne-
cessity to mitigate the environmental impact of products and make food 
production more sustainable. Understanding where and how environ-
mental impacts occur throughout specific food supply chains is crucial 
for farmers, agri-food industry, and consumers to share responsibility in 
mitigating these effects (Poore and Nemecek, 2018).

Among the most consumed foods worldwide, grains provide, on 
average, a third of human dietary calories (Ibrahim et al., 2024). Grain 
production utilises a significant proportion of global natural resources, 
including 36% of productive land, 34% of freshwater, and 45% of total 
fertilisers used in agriculture, emitting, for example, around 36% of total 
GHGs from crop cultivation (Milani et al., 2024). Wheat is the second 
most produced grain in the world (784.91 million metric tons), after 
maize (1235.71 million metric tons), in the 2023/24 harvest (Statistica, 
2024). Its derivatives, such as wheat flour, also have a significant impact 
on the global food chain (Câmara-Salim et al., 2020).

Given the urgency to mitigate the damage caused by human con-
sumption, life cycle assessment (LCA), standardised by ISO 14040 (ISO - 
International Organization for Standardization, 2006a) and ISO 14044 
(ISO - International Organization for Standardization, 2006b), has been 
used as a tool to estimate and identify the critical points of major 
environmental impacts caused by the production of goods and services 
(Feng et al., 2023a). LCA thus becomes a tool for reflection and 
decision-making on strategies to ensure sustainable production, 
including food production (Riedesel et al., 2022). The environmental 
footprint managed by ISO 14067 (ISO - International Organization for 
Standardization, 2018), for the Global Warming Potential (GWP) cate-
gory, and ISO 14046 (ISO - International Organization for Standardi-
zation, 2014) for categories related to water use, toxicity, eutrophication 
and acidification assess the sustainability of production systems.

In a recent review on food commodities, no results were found for the 
environmental impact assessment of wheat and wheat flour produced in 
South America and, consequently, in Brazil, through LCA (Feng et al., 
2023a). There is a knowledge gap regarding the environmental impacts 
caused by wheat cultivation and wheat flour production in subtropical 
and tropical environments. Brazil is one of the world’s major grain 
producers, expected to produce 312.3 million tonnes in the 2023/24 
harvest. Wheat production occurs on both large and small farms, with an 
average production between 2013 and 2023 of 6.6 million tonnes (Mt) 
(CONAB- Companhia Nacional de Abastecimento, 2024). Although 
production still does not meet the domestic demand of 12 million tonnes 
(Nóia Júnior et al., 2024). There is a diversity of initiatives to expand 
Brazilian wheat production, in areas where already cultivated others 
crops, to meet domestic demand and position Brazil as a global player. In 
this context, given the importance of Brazilian grain production, esti-
mating the environmental impacts of wheat cultivation and flour pro-
duction in Brazil through LCA will contribute to advancing scientific 
knowledge. There are still questions to be addressed, such as: (1) What 
are the environmental impacts of the current Brazilian wheat cultivation 
and flour production processes? (2) What strategies can be used to 
mitigate the environmental impact of wheat cultivation and flour pro-
duction? This study aims to answer these questions by assessing the life 
cycle of Brazilian wheat cultivation and Brazilian wheat flour produc-
tion. For this, we present the environmental impacts of four processes: 
(1) wheat cultivation, (2) grain transport, (3) grain processing, and (4) 
wheat milling. Subsequently, we present two strategies to reduce envi-
ronmental impacts in the cultivation (replacement of urea with CAN and 
use of more productive varieties) and one strategy to reduce environ-
mental impacts in grain processing and wheat milling (use of photo-
voltaic energy). Identifying critical points and suggesting applicable 
scenarios, our study will contribute to Brazilian wheat cultivation and 
Brazilian wheat flour production becoming more competitive and sus-
tainable, providing insights into wheat cultivation for subtropical and 
tropical environments.

2. Material and methods

2.1. Study area

The study was conducted in Paraná state, Brazil’s leading wheat- 
producing region (CONAB- Companhia Nacional de Abastecimento, 
2024). A total of 61 farms, ranging from 7 to 697 ha, in the Southeast 
and Central-East mesoregions, covering 202,600 ha of wheat production 
(IBGE - Instituto Brasileiro de Geografia e Estatística, 2023), were sur-
veyed to assess the life cycle of Brazilian wheat cultivation (Fig. 1, An-
nexes A and B, Supplementary Material _SM).

All 61 farms included in the study deliver their wheat to Moageira 
Irati, a mill that was established in 1949. This mill processes an average 
of 84,000 tonnes of wheat annually and produces approximately 63,000 
tonnes of flour per year, based on the average of 2021, 2022, and 2023. 
The wheat undergoes a processing involving cleaning, drying, and 
storage before being milled into flour. The resulting wheat flour is then 
sold to the market in bulk or packaged in large bags.

2.2. Objectives, scope and functional unit

The main objective of this study was to assess the environmental 
impact of Brazilian wheat and wheat flour production. A life cycle 
assessment (LCA) was conducted to evaluate the environmental impacts 
of producing 1 kg of wheat grain and 1 kg of wheat flour, encompassing 
cultivation in large and small farms, transportation, processing, and 
milling (Fig. 2). The cradle-to-gate approach was adopted to each pro-
cess, excluding post-mill stages such as storage, transportation, and 
distribution of wheat flour. Data were collected over three consecutive 
years (2021–2023).

2.3. Description of the systems

2.3.1. Wheat cultivation
Wheat rainfed cultivation in Brazil is concentrated mainly in the 

South, where 3.04 million hectares were sown in 2023, accounting for 
88% of the national wheat area (CONAB- Companhia Nacional de 
Abastecimento, 2024). Irrigated wheat cultivation is still emerging in 
the Southeast and Central-West, it shows significant growth potential 
(Soares et al., 2023). Sowing typically occurs between April and June, 
benefiting from milder temperatures. Harvesting takes place 110–140 
days after sowing, depending on the cultivar. The main cultivars include 
ORS Feroz, TBIO Ponteiro, TBIO Calibre, TBIO Audaz, TBIO Sonic, ORS 
Madre Pérola, and TBIO Tibagi.

All farms analysed practice no till and crop rotation, mainly with 
oats, corn, beans and soybeans. Soil acidity is mitigated through the 
application of dolomitic limestone, calcitic limestone, and gypsum, 
typically every three years, depending on farm-specific needs and crop 
intensity. Pre-emergence herbicides are applied 15 days before sowing. 
Sowing and the application of NPK-based fertilisers occur simulta-
neously. Seed rates range from 130 to 200 kg ha-1. Topdressing with 
nitrogen fertilisers is applied 30 days post-emergence. Fungicides, in-
secticides, and growth regulators are used as needed to manage pests, 
diseases, and lodging. The Ecoinvent® database was used to account for 
the environmental impacts of wheat cultivation processes (Annex C, 
SM). Wheat is harvested between late September and November using 
machines that separate grain from straw, which is returned to the field as 
organic residue. The grain is then transported to Moageira Irati.

2.3.2. Grain transportation
Grain is transported to Moageira Irati using two truck models: a 

1980s Mercedes-Benz 1313, carrying 18 tons with an average fuel 
consumption of 3.77 km L− 1, and a 2012–2018 Volvo FH bitren, car-
rying 38 tons with an average fuel consumption of 2.3 km L− 1. The 
distance from farms to the mill ranges from 6.3 to 191 km. Fuel con-
sumption was calculated based on round-trip distances during the 
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harvest season, considering both loaded and empty truck fuel efficiency. 
Based on truck capacity, 32% of the harvested grains were transported 
by Mercedes-Benz 1313, and 68% transported by Volvo FH.

2.3.3. Grain processing
The 3324 m2 industrial area at Moageira Irati, established in 2009, 

processes wheat through classification, pre-cleaning, drying and clean-
ing. Pre-cleaning removes broken grains, straw, and foreign matter, 
generating the first off-grade grain. Cleaning, conducted after drying, 
yields a second off-grade grain. Cleaned wheat is stored in silos and 

Phosphine is applied as needed.

2.3.4. Grain milling
The 5700 m2 mill was established in 2022 and processes wheat 

through several stages. Grain is disinfected, cleaned, and then condi-
tioned to a 4% moisture content. The milling process involves three 
stages: crushing, reduction, and compression. The milled flour is sieved 
to separate particles based on size. Finally, iron (4.2 mg kg− 1) and folic 
acid (150 mcg kg− 1) are added to the flour before storage or packaging.

Fig. 1. Study area.

Fig. 2. Description of the systems analysed for the production of 1 kg of wheat grains and 1 kg of wheat flour.
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2.4. Inventory data

Data on inputs and processes (Annex D, SM) for wheat and wheat 
flour production were directly collected through interviews with 
farmers, technical managers, and experts at Moageira Irati. The 61 farms 
were categorised into large and small (Annex B, SM), and data were 
collected over three consecutive years (2021–2023). The life cycle in-
ventory (LCI) for wheat cultivation was developed using ICVcalc 
(Folegatti-Matsuura et al., 2022), while data for transport, grain pro-
cessing, and milling were collected and added to SimaPro. Ecoinvent® 
v.3.9.1 was used to account for additional processes (Annex C, SM). To 
produce 1 kg of wheat flour, approximately 1.39 kg of raw wheat grain is 
required due to field losses and processing steps. After cleaning and 
drying, 1.30 kg of clean grain. By-products, such as bran and off-grade 
grains, are used as animal feeds.

2.5. Calculation of emissions

The BRcalc method, developed for Brazilian agricultural conditions 
(Folegatti-Matsuura et al., 2022), was used to calculate emissions. N2O 
and CO2 emissions were estimated using IPCC et al. (2019) equations, 
while NOx emissions followed Nemecek et al. (2016). P emissions to 
water and heavy metal emissions to soil were calculated using the World 
Food LCA Database (WFLDB) (Nemecek et al., 2015), adapted for Bra-
zilian river basins. Pesticide emissions were determined using PestLCI 
(Dijkman et al., 2012). Detailed calculations and data are provided in 
the supplementary material (Annexes D and E). Land use change and soil 
carbon stock were not considered as the cultivated areas have been 
under no-till for over 30 years, indicating stable soil carbon stocks 
(Maciel et al., 2022; Tiecher et al., 2020). Additionally, the environ-
mental impacts of farms and mill infrastructure were not included due to 
their long lifespan and diluted impact over time.

2.6. Allocation criteria

By-products such as bran and off-grade grains are generated along 
the supply chain of wheat flour production. Therefore, a mass allocation 
was performed to account for a fair division of environmental burdens 
(Annex F, SM). In grain processing, the majority of environmental bur-
dens is allocated to clean grain, with only a small fraction assigned to 
off-grade grain. In the wheat milling process, wheat flour, bran and off- 
grade grain produced received 74.46%, 24.80% and 0.74%, respec-
tively, of the environmental burden. This allocation method ensures a 
balanced distribution of environmental impacts across the primary and 
by-products of wheat flour production.

2.7. Life cycle impact assessment

The carbon footprint was calculated using the IPCC et al. (2019)
GWP100 V1.03 method. The other environmental impacts were esti-
mated using the AWARE V1.05 and ReCiPe 2016 Midpoint (H) 
V1.08/World (2010) H methods. The categories considered in this study 
were: Water Consumption Potential (WCP), Terrestrial Acidification 
Potential (TAP), Terrestrial Ecotoxicity (TET), Freshwater Eutrophica-
tion Potential (FEP), Marine Eutrophication Potential (MEP), Fresh-
water Ecotoxicity (FET), Marine Ecotoxicity (MET), Human Toxicity 
Potential Cancer (HTPc) and Human Toxicity Potential non-cancer 
(HTPnc). All impacts were calculated using SimaPro 9.5.0.2 software 
and information from the Ecoinvent® database v3.5.

2.8. Sensitivity and uncertainty analysis

Using SimaPro data modelling, we analyse two scenarios to reduce 
environmental impacts in wheat cultivation. In Scenario 1, we replace 
urea with CAN fertiliser produced in Europe, which generates lower 
production impacts and emits less fossil CO2 in the field (Galusnyak 

et al., 2023). Large and small farms that applied 155 and 148 kg ha⁻1 of 
urea were substituted with 265 and 253 kg ha⁻1 of CAN, respectively. In 
Scenario 2, we introduce a higher-yield wheat cultivar developed by 
Embrapa, with an average productivity of 5876 kg ha⁻1 based on nine 
years of studies on productive wheat genotypes (Castro et al., 2022). In 
the industrial phase of wheat flour production, we modelled the sub-
stitution of the energy matrix in Southern Brazil, where hydroelectric 
power contributes 57% of total generation, by the use of photovoltaic 
energy in the grain processing (Scenario 3) and milling (Scenario 4).

To compare processes A and B (Annex G, SM), a probabilistic un-
certainty analysis was conducted using Monte Carlo with a 95% confi-
dence interval (Goedkoop, 2008). Inventory data standard deviations 
were derived from the Pedigree Matrix, assuming a lognormal distri-
bution for all variables. The comparison was performed over 1000 runs, 
counting the instances where A-B < zero for each impact category. This 
count was then divided by the total runs (1000). If A-B < zero occurred 
in 95% or more of runs for a given category, the impact of process A was 
considered significantly lower than B.

3. Results

3.1. Wheat flour production

Wheat cultivation was the primary source of environmental impacts 
in Brazilian wheat flour production, contributing between 67% and 98% 
across eight of the ten impact categories analysed, regardless of farm size 
(Table 1). Grain transportation to the mill had a negligible impact on the 
carbon footprint (GWP), contributing less than 1.5%, with other impact 
categories showing even lower contributions. The upstream production 
of diesel fuel was the main environmental driver for grain 
transportation.

The grain processing had the lowest environmental impacts, 
contributing less than 0.5% in all categories analysed (Table 1). The 
grain milling had the most significant impact on the FEP category 
(55.8%), while contributions to other categories ranged from 1.9% to 
27.1%. The high FEP impact is primarily attributed to the use of phos-
phine for pest control during grain storage prior to milling. The WCP in 
the grain processing and grain milling was negative because water was 
used solely to clean equipment and it was returned to water bodies with 
a low residual load.

3.2. Wheat cultivation and sensitivity analysis: suggested scenarios

Given that wheat cultivation was the process with the most signifi-
cant impact on flour production, a detailed analysis of the most influ-
ential cultivation factors is necessary. Three of the ten categories 
analysed showed a significant difference (Monte Carlo, 95% iterations) 
between large and small farms: FEP, TET, and FET. In the FEP category, 
small farms exhibited a higher impact due to applying P- and N-based 
fertilisers (Fig. 3D). In the TET and FET categories, significant impacts 
occurred on large farms. For TET, field emissions were the most im-
pactful cultivation factor (36.2%), followed by the use of phosphate 
fertilisers (16.1%) (Fig. 3 F). In contrast, in the FET category, the use of 
phosphate fertilisers accounted for approximately 50% of the environ-
mental impact.

Analysing the GWP category, there was no significant difference 
between large and small farms (0.47 and 0.58 kg CO2eq kg wheat− 1) 
(Fig. 3A). The weighted average carbon footprint for Brazilian wheat 
grain production was 0.50 kg CO2eq kg wheat− 1. Field emissions 
accounted for 59.4% of the cultivation factors that most affected the 
carbon footprint. Upstream processes related to the production of ni-
trogen and phosphate fertilisers contributed 20.9% and 7.5%, respec-
tively, due to the energy required for their production (Fig. 3A).

Field emissions remained the primary cultivation factor impacting 
the other four categories analysed: TAP, MEP, TET, and MET (Fig. 3C–E, 
F, H). Different cultivation factors stood out in the categories: (1) WCP, 
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which was impacted by upstream processes of nitrogen fertiliser pro-
duction (Fig. 3B); (2) FEP, FET, HTPc, and HNTnc, where phosphate 
fertilisers were the most impactful cultivation factor (Fig. 3D–G, I, J). 
Specific impacts of pesticides occurred in the FEP (12.4%), TET (14.2%), 
and HTPc (14%) categories, considering the average of large and small 
farms. Wheat seed production impacted FEP (19.1%) and TET (18.1%) 
(Fig. 3D and F). Field operations, where fuels are the primary contrib-
utors, stood out only in the FET category, contributing 14.9% and 16.5% 
on large and small farms, respectively (Fig. 3G).

An analysis of environmental impact categories indicates that 
replacing urea with CAN (scenario 1) significantly decreased TAP and 
FEP in both farm sizes. At the same time, FET and MET reductions were 
more pronounced in larger farms (Fig. 3, Annex G SM). Scenario 2, 
including higher-yielding wheat genotypes, led to substantial reductions 
in six of the ten analysed categories for both farm types: TAP, FEP, MEP, 
TET, FET, and MET. Notably, GWP decreased significantly only in small 
farms. WCP, HTPc, and HTPnc categories showed no significant differ-
ences with the scenarios (Fig. 3, Annex G, SM).

3.3. Environmental impacts and suggested scenarios in wheat flour 
production processes

The most significant environmental impact in the grain processing 
and milling was attributed to electricity consumption. Photovoltaic 
energy significantly reduced the environmental impact of grain 

processing (scenario 3) across five categories: GWP, TAP, FEP, MEP, and 
TET (Annex G, SM). However, in the grain milling (scenario 3), only the 
GWP and TAP were reduced (Table 2).

The combined strategy of substituting urea with CAN (scenario 1), 
increasing productivity (scenario 2), and adopting a photovoltaic energy 
matrix (scenarios 3 and 4) resulted in the most substantial reduction in 
the TAP category (78%), followed by HTPnc (41%) and HTPnc (40%) 
(Table 3). TET, FET, and MET, as well as GWP and MEP, exhibited re-
ductions ranging from 34% to 39%. FEP decreased by an average of 
24%, whereas WCP remained unaffected (Table 3).

4. Discussion

4.1. Key drivers of environmental impacts in wheat cultivation and flour 
production

Wheat cultivation was the main contributor to environmental im-
pacts in wheat flour production, with field emissions driven by nitrogen 
(N) and phosphorus (P) fertilisers as the most significant factor. These 
fertilisers release greenhouse gases (GHGs) (Nadarajan and Sukumaran, 
2021). Phosphatic fertilisers contributed significantly to FEP, TET, and 
FET (Fig. 3); however, due to low P levels in Brazilian soils (Pavinato 
et al., 2020) and reliance on imported phosphorus, alternatives remain a 
long-term prospect (Raniro et al., 2023). Nitrogenous fertilisers affected 
GWP, WCP, FET, and HTPc.

Table 1 
Environmental impact categories and the contribution of each process to the production of 1 kg of Brazilian wheat flour.

Damage category Unit LF cultivationa SF cultivationa Grain Transporta Grain Processinga Grain Milling LF Total SF Total

GWP kg CO2e 6.59E-01 8.02E-01 1.16E-02 1.40E-03 3.16E-02 7.04E-01 8.47E-01
WCP m3 2.45E-01 2.82E-01 8.54E-05 − 8.64E-04 − 1.51E+00 − 1.27E+00 − 1.23E+00
TAP kg SO2 eq 1.08E-02 1.30E-02 6.73E-06 6.88E-06 1.83E-04 1.10E-02 1.32E-02
FEP kg P eq 2.57E-04 1.33E-04 2.66E-08 6.09E-07 2.31E-04 4.89E-04 3.64E-04
MEP kg N eq 3.76E-03 4.46E-03 3.86E-07 2.81E-07 2.69E-04 4.03E-03 4.73E-03
TET kg 1,4-DCB 2.45E+00 2.23E+00 4.53E-03 1.21E-03 1.92E-01 2.65E+00 2.43E+00
FET kg 1,4-DCB 1.66E-02 1.07E-02 7.02E-06 1.52E-05 3.57E-03 2.02E-02 1.43E-02
MET kg 1,4-DCB 3.93E-02 3.64E-02 2.36E-05 2.16E-05 4.80E-03 4.41E-02 4.12E-02
HTPc kg 1,4-DCB 1.04E-02 1.03E-02 5.04E-06 6.86E-05 8.10E-03 1.86E-02 1.84E-02
HTPnc kg 1,4-DCB 6.78E-01 3.54E-01 2.89E-04 7.59E-04 1.25E-01 8.04E-01 4.80E-01

LF = Large farm; SF = Small farm; GWP = Global warming potential; WCP = Water consumption potential; TAP = Terrestrial acidification potential; FEP = Freshwater 
eutrophication potential; MEP = Marine eutrophication potential; TET = Terrestrial ecotoxicity; FET = Freshwater ecotoxicity; MET = Marine ecotoxicity; HTPc =
Human toxicity potential: cancer; HNT = Human toxicity potential: non-cancer.

a To produce 1 kg of wheat flour, 1.39 kg of wheat grains are used in cultivation and grain transport; and 1.3 wheat grains are used in grain milling.

Fig. 3. Environmental impact categories and the contribution of cultivation factors for the production of 1 kg of Brazilian wheat from the current crop and the two 
proposed scenarios. LF = Large farm; SF = Small farm; LFS1 = Large farm scenario 1; LFS2 = Large farm scenario 2; SFS1 = Small farm scenario 1; SFS2 = Small farm 
scenario 2; A) GWP = Global warning potential; B) WCP = Water consumption potential; C) TAP = Terrestrial acidification potential; D) FEP = Freshwater 
eutrophication potential; E) MEP = Marine eutrophication potential; F) TET = Terrestrial ecotoxicity; G) FET = Freshwater ecotoxicity; H) MET = Marine ecotoxicity; 
I) HTPc = Human toxicity potential: cancer; J) HTPnc = Human toxicity potential: non-cancer.
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Replacing urea with CAN (Scenario 1) showed minimal GWP 
reduction, as N₂O emissions from nitrogen fertilisers remained the main 
contributor to field emissions (Fig. 3A). However, CAN substitution 
lowered fossil CO2 emissions (Fig. 3A). Urea increases CO2 emissions 
due to its synthesis from ammonia and CO2, raising GHG emissions by 
about 40% due to high carbon content (Galusnyak et al., 2023). Urea 
also volatilises faster, reducing nitrogen uptake efficiency 
(Govindasamy et al., 2023). In contrast, CAN, with no carbon atoms, 
produces minimal CO2 emissions in fields (Galusnyak et al., 2023). 
Beyond urea substitution, alternatives like cover cropping with 
nitrogen-fixing species should be encouraged to reduce synthetic ni-
trogen fertiliser use (Bansal et al., 2022).

The strategy of selecting improved cultivars (Scenario 2) emerged as 
the most effective in reducing GWP (Fig. 3A, LFS2, SFS2) and six other 
impact categories on LF and SF (Fig. 3, Annex G). This approach 
significantly reduced specific impacts from pesticides, seed production, 
and field operations, aligning with Climate-Smart Agriculture (CSA) 
strategies (Maraseni et al., 2021). Field research using CSA data shows a 
41.4% reduction in carbon footprint with higher-yield maise varieties 
(Feng et al., 2023b).

The remaining processes of wheat flour production had low envi-
ronmental impacts in the analysed categories, except for FEP, which was 
higher in the grain milling process (section 3.1). In grain wheat pro-
cessing and wheat milling, replacing the current energy matrix with 
photovoltaic energy reduced environmental impacts, primarily GWP 
and TAP. This result confirms the importance of increased investment in 
clean energy production to make industrial processes more environ-
mentally sustainable (Rafiee et al., 2024).

Table 2 
Environmental impact categories for grain processing and grain milling using 
the local energy matrix versus substitution with photovoltaic energy (scenarios 3 
and 4) for the production of 1 kg of Brazilian wheat flour.

Damage category Unit GP GPS3 GM GMS4

GWP100 kg 
CO2- 
eq

1.40E- 
03

2.48E- 
04

3.16E-02 2.04E-02

Water use m3 − 8.64E- 
04

− 1.25E- 
03

− 1.51E+00 − 1.52E+00

Terrestrial 
acidification

kg 
SO2 

eq

6.88E- 
06

3.23E- 
07

1.83E-04 1.19E-04

Freshwater 
eutrophication

kg P 
eq

6.09E- 
07

2.02E- 
07

2.31E-04 2.27E-04

Marine 
eutrophication

kg N 
eq

2.81E- 
07

2.28E- 
07

2.69E-04 2.69E-04

Terrestrial 
ecotoxicity

kg 
1,4- 
DCB

1.21E- 
03

4.18E- 
04

1.92E-01 1.84E-01

Freshwater 
ecotoxicity

kg 
1,4- 
DCB

1.52E- 
05

3.42E- 
06

3.57E-03 3.46E-03

Marine 
ecotoxicity

kg 
1,4- 
DCB

2.16E- 
05

4.85E- 
06

4.80E-03 4.63E-03

Human 
carcinogenic 
toxicity

kg 
1,4- 
DCB

6.86E- 
05

8.24E- 
06

8.10E-03 7.50E-03

Human non- 
carcinogenic 
toxicity

kg 
1,4- 
DCB

7.59E- 
04

1.25E- 
04

1.25E-01 1.19E-01

GP = Grain processing; GPS3 = Grain processing scenario 3; GM = Grain Mill-
ing; GMS4 = Grain Milling scenario 4.

Table 3 
Contribution of each process to the production of 1 kg of Brazilian wheat flour to reduce environmental impacts through the scenarios.

Damage category 
for 1 kg of wheat

LFS1 SFS1 LFS2 SFS2 GT GPS3 GM S4 LFS Total SFS Total LF x 
LFS 
(%)a

SF X 
SFS 
(%)a

Mean 
(%)a

GWP100 (kg CO2- 
eq)

6.29E-01 7.69E-01 4.58E-01 4.97E-01 1.16E- 
02

2.48E- 
04

2.04E-02 4.90E-01 5.29E-01 30.37 37.55 33.96

Water use (m3) 1.00E-01 1.23E-01 6.91E-02 7.30E-02 8.54E- 
05

− 1.25E- 
03

− 1.52E+00 − 1.45E+00 − 1.44E+00 14.23 17.34 15.79

Terrestrial 
acidification (kg 
SO2 eq)

3.19E-03 4.62E-03 2.19E-03 2.75E-03 6.73E- 
06

3.23E- 
07

1.19E-04 2.32E-03 2.88E-03 78.99 78.26 78.63

Freshwater 
eutrophication 
(kg P eq)

1.01E-04 1.12E-04 6.97E-05 6.69E-05 2.66E- 
08

2.02E- 
07

2.27E-04 2.97E-04 2.94E-04 39.29 19.31 29.30

Marine 
eutrophication 
(kg N eq)

3.68E-03 4.46E-03 2.41E-03 2.50E-03 3.86E- 
07

2.28E- 
07

2.69E-04 2.68E-03 2.76E-03 33.55 41.51 37.53

Terrestrial 
ecotoxicity (kg 
1.4-DCB)

2.38E+00 2.15E+00 1.64E+00 1.28E+00 4.53E- 
03

4.18E- 
04

1.84E-01 1.83E+00 1.47E+00 31.14 39.46 35.30

Freshwater 
ecotoxicity (kg 
1.4-DCB)

1.23E-02 1.01E-02 8.46E-03 6.02E-03 7.02E- 
06

3.42E- 
06

3.46E-03 1.19E-02 9.49E-03 40.81 33.63 37.22

Marine ecotoxicity 
(kg 1.4-DCB)

3.41E-02 3.55E-02 2.34E-02 2.12E-02 2.36E- 
05

4.85E- 
06

4.63E-03 2.81E-02 2.58E-02 36.38 37.37 36.88

Human 
carcinogenic 
toxicity (kg 1.4- 
DCB)

7.48E-03 8.21E-03 5.14E-03 4.89E-03 5.04E- 
06

8.24E- 
06

7.50E-03 1.27E-02 1.24E-02 32.02 32.76 32.39

Human non- 
carcinogenic 
toxicity (kg 1.4- 
DCB)

3.72E-01 3.25E-01 2.56E-01 1.94E-01 2.89E- 
04

1.25E- 
04

1.19E-01 3.75E-01 3.13E-01 53.39 34.86 44.12

LF = Large farm; SF = Small farm; LFS1 = Large farm scenario 1; LFS2 = Large farm scenario 2; SFS1 = Small farm scenario 1; SFS2 = Small farm scenario 2; GT =
Grain transport; GP = Grain processing; GPS3 = Grain processing scenario 3; GM = Grain Milling; GMS4 = Grain Milling scenario 4.

a % of reduction.
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4.2. Environmental impacts of Brazilian wheat flour production 
compared to other parts of the world

Brazilian dryland wheat production (0.50 kg CO₂eq kg wheat-1), 
positions itself as a medium emitter compared to other wheat- 
producing countries. While below the global average of 0.60 kg CO₂eq 
kg⁻1 (Feng et al., 2023a), it exceeds countries like Germany (Riedesel 
et al., 2022) and Australia (Simmons et al., 2019), with 0.35 and 0.37 kg 
CO₂eq kg⁻1, respectively (Fig. 4). This variation is influenced by factors 
such as climate, soil type, agricultural practices, and input use, partic-
ularly nitrogen fertilisers. In Brazilian wheat cultivation, farmers that 
use CAN combined with the adoption of more productive cultivars 
(Castro et al., 2022) have a strategy to reduce the carbon footprint of 
wheat. These measures can optimise fertiliser use, decrease greenhouse 
gas emissions, and increase production efficiency.

Considering other categories, Brazilian wheat production shows 
favourable environmental impacts compared to those reported in other 
countries (Table 4). Rainfed wheat production reduces WCP from water 
bodies to nearly zero during the wheat growth phase. The WCP, in the 
cultivation process, was primarily impacted by WCP in the synthesis of 
NPK fertilisers. Rising food and fertiliser demand from population 
growth is prompting fertiliser industries to adopt water treatment and 
reuse solutions to ease pressure on water bodies (Fiamelda and Supri-
hatin, 2020).

TAP was the category with the highest impact compared to other 
countries (Table 4). However, significant reductions were achieved by 
replacing urea with CAN in Scenario 1 (67.6%) and by increasing pro-
ductivity in Scenario 2 (79.3%) (Table 3). When urea is not absorbed by 
plants or leached as nitrate, it can lead to soil acidification due to rapid 
hydrolysis and nitrification reactions of NH₄⁺, releasing two H⁺ ions (Dal 
Molin et al., 2020). Conversely, CAN fertilisers help minimise soil 
acidity due to their calcium content (Akanova et al., 2021).

Studies reporting data on the environmental impacts of wheat flour 
production are scarce worldwide (Fig. 5). Most studies have focused on 
the LCA of wheat cultivation, and some have progressed to determine 
the environmental impacts of bread production (Rafiee et al., 2024). 
Few studies have reported on the processes of wheat flour production 
(Kulak et al., 2015; Câmara Salim et al., 2020), and another presented 

data on total wheat flour production (Pourmehdi and Kheiralipour, 
2020) (Fig. 5). In these studies, GWP ranged from 0.50 to 1.66 kg CO2eq 
kg wheat flour− 1. This variation is expected as climatic conditions and 
management practices differ from region to region (Câmara Salim et al., 
2020).

Brazilian wheat flour holds a favourable position, with current C 
footprints for large and small farms (0.67 and 0.80 kg CO2eq per kg) 
below those of Spain and Italy (0.89 and 0.95 kg CO2eq per kg, 
respectively) (Câmara-Salim et al., 2020; Kulak et al., 2015). Scenario 2 
C footprints (0.48 and 0.52 kg CO2eq per kg for LF and SF, respectively) 
are also close to the lowest levels reported in France and Portugal, both 
at 0.50 kg CO2eq per kg (Kulak et al., 2015).

Brazilian wheat flour production showed higher impacts than other 
countries in TAP and TET categories (Fig. 5), primarily due to 
cultivation-related field emissions, fertiliser, and pesticide use. In other 
categories, Brazil exhibits lower environmental impacts than other 
wheat flour producers. Our results suggest that with more efficient 
wheat cultivars, Brazilian flour production could rank among the most 
sustainable globally (Fig. 5). The current environmental impacts and 
how strategies can reduce them, as demonstrated in this study, highlight 
ways to mitigate GHG emissions and other pollutants from one of the 
world’s most consumed foods.

4.3. Reducing environmental impact factors: general perspectives, 
limitations, and recommendations

Field emissions and nitrogen and phosphate fertiliser production 
were the main contributors to environmental impact in Brazilian wheat 
cultivation and flour production. Field emissions reflect the manage-
ment practices and inputs used. Replacing urea with CAN from Europe, 
as in Scenario 1, could reduce the C footprint by 4%, a modest 
improvement. However, applying the average reduction of 0.023 kg 
CO2eq per kg of wheat to Brazil’s 2023 production of 8096.8 thousand 
tonnes (CONAB- Companhia Nacional de Abastecimento, 2024) would 
result in 184.6 fewer tonnes of CO2eq emissions. With a 34% reduction 
in Scenario 2, 1476.3 CO2eq tonnes could be avoided.

Beyond urea substitution and productivity gains proposed in this 
study, other technologies should be considered to reduce environmental 

Fig. 4. Comparison of the carbon footprint for the production of 1 kg of Brazilian wheat in the current scenario and in the proposed scenarios with other wheat 
producing countries. LF = Large farm; SF = Small farm; LFC1 = Large farm scenario 1; LFC2 = Large farm scenario 2; SFC1 = Small farm scenario 1; SFC2 = Small 
farm scenario 2. 
1Our study 
2Simmons et al. (2019)
3Shao et al. (2024)
4Riedesel et al. (2022)
5Nayak et al. (2023)
6Verdi et al. (2022)
7Tahmasebi et al. (2018)
8Pishgar-Komleh et al. (2020)
9Feng et al. (2023a)
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impacts and reliance on synthetic fertilisers. Biofertilisers, biopesticides, 
slow-release fertilisers, and nanofertilisers (Nadarajan and Sukumaran, 
2021) offer potential for impact reduction in Brazilian rainfed wheat 
production. Research is also exploring green urea and ammonium ni-
trate production using renewable rather than fossil energy sources, 
supporting net-zero emissions targets for 2050 (Galusnyak et al., 2023).

This study has limitations to consider when interpreting results. 
Firstly, our study addressed LCA of rainfed wheat cultivation, excluding 
irrigated wheat cultivation, which is expanding into new regions and 
may significantly affect environmental impacts. Additionally, the study 
simulated scenarios for input substitution, productivity increases, and 
energy replacement; while literature supports these, large-scale imple-
mentation may face economic and technological challenges. Finally, 
impact analyses were limited to ten standard LCA categories, but factors 
like biodiversity and soil health are also key to understanding wheat 
production sustainability. Future studies incorporating these could offer 
a more complete view of environmental impacts and mitigation op-
portunities for wheat in subtropical and tropical regions.

Our findings can guide producers, researchers, and policymakers in 
identifying effective solutions to reduce N2O emissions, the main 
contributor to CO2eq emissions in wheat cultivation, through the effi-
cient use of fertilisers. Using better-adapted and more productive cul-
tivars that require the same amount of inputs is an effective way to 
optimise input use and reduce the environmental impacts of wheat 
cultivation. Regarding grain processing and milling, using photovoltaic 
energy proved to be a strategic option for reducing production impacts 
in the industrial phase of flour production.

5. Conclusion

The life cycle assessment of wheat flour revealed that wheat culti-
vation is the primary emitter of greenhouse gases and particulate pol-
lutants. Farm size, fertilisers and wheat cultivars directly affected 
environmental impacts. Large farms exhibited lower environmental 
impacts compared to small farms due to higher productivity, indicating 
that field inputs, field operation and productivity need to be improved 
among small farmers. Sensitivity analysis demonstrated that increasing 

productivity without increasing inputs reduces environmental impacts.
In alignment with sustainable intensification goals, research should 

prioritise the development of high-yield wheat cultivars adapted to each 
cultivation region. Such efforts could reduce environmental impact per 
unit of production while minimising pressure on natural resources to 
meet the growing global demand for food. The substitution of urea with 
CAN had a low impact on the GWP. CAN reduce the impact of other 
impact categories such as WCP, TAP, and FEP, indicating that farmers 
should consider using more sustainable fertilisers. Further research into 
strategies for the efficient use of nitrogen fertiliser and alternative so-
lutions like legume-based cover crop mixtures, biofertilisers, green 
ammonia and slow-release formulations is essential for achieving sus-
tainability. In the industrial phase of wheat flour production, including 
the wheat processing and wheat milling processes, photovoltaic energy 
reduces environmental impacts, reinforcing the role of renewable en-
ergy sources in the industrial process to align with cleaner production 
principles. By quantifying these impacts in feasible scenarios, this study 
fills a critical gap in the LCA literature with new insights into the 
environmental impacts of wheat cultivation and flour production in non- 
temperate regions.

A comparison with other LCA studies indicates that Brazilian wheat 
flour production is among the most sustainable globally. However, the 
wheat cultivation process needs to focus on minimising its environ-
mental impacts, mainly by reducing field emissions. Addressing more 
studies about the mitigation of environmental impacts is an important 
step towards making wheat and wheat flour production one of the most 
environmentally sustainable in the world, especially in terms of direct 
N2O volatilisation. Other potential research directions could include 
integrating the social life cycle assessment (S-LCA) and life cycle costing 
(LCC) into the environmental LCA. This approach leads to analysing the 
social and economic implications associated with innovative technolo-
gies to gain insights into their financial viability, scalability, and social 
impacts on farming communities and industrial stakeholders. 
Combining these methods can address the sustainability aspects of 
wheat cultivation and wheat flour production more comprehensively. 
We believe that the strategies proposed, such as the substitution of urea, 
increasing wheat yield through more adapted cultivars, and the use of 

Table 4 
Comparison of environmental impact categories for the production of 1 kg of Brazilian wheat current and in the proposed scenarios with other wheat producing 
countries.

Damage category WCP TAP FEP MEP TET FET MET HTPc HTPnc

Unit m3 kg SO2 eq kg P eq kg N eq kg 1,4-DCB kg 1,4-DCB kg 1,4-DCB kg 1,4-DCB kg 1,4-DCB
Brazil LFa 1.76E-01 7.79E-03 8.63E-05 2.65E-03 1.77E+00 9.24E-03 2.51E-02 6.73E-03 2.87E-01
Brazil SFa 2.03E-01 9.39E-03 9.56E-05 3.21E-03 1.60E+00 7.70E-03 2.62E-02 7.39E-03 2.55E-01
Brazil LFC1a 7.23E-02 2.29E-03 7.29E-05 2.65E-03 1.71E+00 8.86E-03 2.45E-02 5.38E-03 2.68E-01
Brazil SFC1a 8.82E-02 3.33E-03 8.08E-05 3.21E-03 1.55E+00 7.28E-03 2.56E-02 5.90E-03 2.34E-01
Brazil LFC2a 4.97E-02 1.58E-03 5.01E-05 1.73E-03 1.18E+00 6.09E-03 1.68E-02 3.70E-03 1.84E-01
Brazil SFC2a 5.25E-02 1.98E-03 4.81E-05 1.80E-03 9.21E-01 4.33E-03 1.52E-02 3.52E-03 1.39E-01
Chinab 7.71E-01 4.83E-03 2.51E-04 2.31E-04 2.88E+00 2.53E-02 3.52E-02 3.52E-02 1.29E+00
Europec – 5.70E-03 8.50E-05 6.29E-03 – – – – –
Indiad – 3.27E-03 1.80E-04 4.40E-04 – 3.62E-02 1.86E+02 2.42E+00 1.71E+02
Irane – 1.19E-02 – – 6.90E-04 5.34E-02 2.76E+02 1.00E-01 –
Italyf 6.06E-04 3.90E-03 – – 5.80E-04 5.00E-02 1.70E+02 1.10E-01 –
Slovakiag 5.92E-04 1.76E-03 7.07E-05 5.07E-04 4.26E-01 8.79E-03 5.30E-03 – –
USAh – – 5.00E-04 – – 7.00E-05 – – –

LF = Large farm; SF = Small farm; LFC1 = Large farm scenario 1; LFC2 = Large farm scenario 2; SFC1 = Small farm scenario 1; SFC2 = Small farm scenario 2; WCP =
Water consumption potential; TAP = Terrestrial acidification potential; FEP = Freshwater eutrophication potential; MEP = Marine eutrophication potential; TET =
Terrestrial ecotoxicity; FET = Freshwater ecotoxicity; MET = Marine ecotoxicity; HTPc = Human toxicity potential: cancer; HTPnc = Human toxicity potential: non- 
cancer.

a Our study.
b Jiang et al. (2021).
c Achten and Van Acker (2016).
d Khangar and Thangavel (2024).
e Taki et al. (2018).
f Verdi et al. (2022).
g Mukosha et al. (2023).
h Shrestha et al. (2020).
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photovoltaic energy, can assist farmers, millers, and public policy-
makers in making Brazilian wheat flour production more sustainable 
and competitive in the global scenario as well as provide insights into 
wheat cultivation for subtropical and tropical environments.
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