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Abstract: Soybean is a major vegetable protein crop often considered to be a sustainable
alternative to animal products. Assessments of soybean sustainability often resort to
Life Cycle Assessments (LCAs), which are difficult to compare due to methodological
inconsistencies. This study carried out an innovative method for harmonized comparisons
of soybean production between farms assessed in different studies. Rather than collecting
LCA results, we collected Life Cycle Inventories (LCls) and then calculated the global
warming potential (GWP) and land use impacts of each farm. For this, we carried out a
systematic review following the PRISMA methodology to collect LCI data from 19 studies
representing 126 farms in six countries. A comparable analysis of the farms showed a
higher variability in GWP (0.27-1.53 kg CO,e/kg of soybean) than previous reviews, but
within a range similar to the results of original studies. As the same LCA method and data
were used for all cases, this range can be explained by differences between production
systems and locations, with a minimum contribution from methodological variability.
Farms in Iran and the United States exhibited the highest emissions, primarily driven by
synthetic fertilizer use, irrigation, and energy use. Using results from original studies, farms
in Iran showed a substantially lower GWP. Farms in Brazil showed lower non-biogenic
greenhouse gas emissions but the highest soil biotic capacity loss due to land occupation,
while Italian farms demonstrated minimal land use impacts. These findings underscore
the need for region-specific mitigation strategies, despite being limited by data gaps on
residue management, the global representativity of the sample of farms, and a lack of detail
in fertilizer and irrigation data. There is a pressing need for more complete reporting of
LCA study results.

Keywords: Life Cycle Assessment (LCA); global warming potential; Glycine max; land use
change; sustainability; regional variability; environmental impact

1. Introduction

The global food system is one of the largest contributors to climate change, with
agricultural activities accounting for up to 30% of global greenhouse gas (GHG) emis-
sions [1,2]. These emissions stem from various processes, including deforestation, soil
management, fertilizer use, and livestock production, all of which intensify climate change
and threaten food security [3-5]. A rapidly growing global population, projected to reach
9.7 billion by 2050, only amplifies the need for more efficient and sustainable food sys-
tems [6]. This increasing demand for food, coupled with dietary patterns shifting towards
resource-intensive animal products, puts additional pressure on the environment [7,8].
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Land Use (LU) and Land Use Change (LUC) are key contributors to these pressures, as
they transform ecosystems, reducing their capacity to store carbon and support biodiversity.
LU and LUC, often associated with agricultural expansion, lead to soil organic carbon
(SOC) depletion, a critical indicator of soil health and ecosystem services, and, thus, the loss
of soil biotic production capacity. For instance, the conversion of forests and grasslands into
croplands often significantly decreases SOC stocks, thereby increasing the environmental
footprint of agricultural activities [9]. Furthermore, these changes exacerbate land degrada-
tion, intensify the release of greenhouse gases, and disrupt the natural carbon cycle, making
LU/LUC a pivotal factor in addressing the environmental impacts of food systems [10].

Agriculture contributes to approximately 50% of global methane (CH4) and nitrous
oxide (N,O) emissions, gases with significantly higher global warming potentials than
COj, [11]. Nitrogen fertilizer use and its subsequent soil emissions are key contributors
to N> O emissions, while enteric fermentation and manure management in livestock are
the main contributors to CH4 emissions. Moreover, unsustainable agricultural practices
accelerate land degradation, biodiversity loss, and water resource depletion [12]. Given
the critical role that agriculture plays in climate change, addressing its environmental
impacts is a priority in order to meet the Paris Agreement’s goal of limiting global warming
to 1.5 °C [13]. This is particularly important for vegetable protein crops, as they are
often mentioned as more sustainable alternatives to animal products whose production
is responsible for much lower GHG emissions [14]. Transformations of food systems
away from meat and other animal products will surely require increased production of
vegetable proteins, for which reason it is critical to measure, understand, and mitigate their
production impacts, ensuring that future area expansions are sustainably farmed.

Soybean (Glycine max) is one of the world’s most important vegetable protein crops,
widely cultivated for its high protein and oil content. It plays a central role in global food
and feed systems, especially as a major component of animal feed and biofuel produc-
tion [15]. The main soybean producers globally include Brazil, the United States, Argentina,
China, and India, with Brazil recently surpassing the U.S. as the top producer [16]. Soy-
bean is grown across a wide range of agro-ecological zones, from temperate to tropical
climates, under both rainfed and irrigated conditions. This variability results in significant
differences in input requirements, yields, and environmental impacts. Understanding these
regional and production system differences is essential for designing sustainable strategies
for soybean expansion and intensification [17].

To better understand the environmental impacts of soybean and other agri-food
products, Life Cycle Assessment (LCA) has emerged as a key tool. LCA provides a
comprehensive approach to evaluating the environmental effects of products and processes
by analyzing inputs and outputs across the entire life cycle—from raw material extraction
to disposal [18]. In agriculture, LCA is critical for identifying the key drivers of GHG
emissions and guiding the development of more sustainable practices [19]. Reviews of
LCA studies are essential to understand regional differences in production systems, soil
types, and climatic conditions, which are critical in determining the true environmental
impacts of crops. However, meta-analyses often rely directly on the results reported in the
original sources, which may use varying methodologies and system boundaries, making it
difficult to perform accurate comparisons [20].

One of the most influential studies utilizing LCA to assess agricultural impacts is
Poore and Nemecek’s [14] meta-analysis, which reviewed data from over 38,000 farms in
119 countries. Their findings underscored the large variability in the environmental impacts
of different food products, including soybeans [14]. For each food product, they provided
the average impacts for each life cycle stage. Given how sensitive environmental perfor-
mance is to changes in farming practices, climate, and land use policies, region-specific
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LCAs are required to accurately reflect the environmental impact of soybean production,
rather than relying solely on global averages. Without systematically accounting for such
variability, LCA review studies risk oversimplifying the complex relationships between agri-
cultural practices and environmental outcomes [21] and fail to fully capture the potential
differences in emissions due to farming practices, climate, and geography.

In this study, our objective is to develop a standardized and comparative Life Cycle
Assessment (LCA) framework that accounts for methodological inconsistencies across
existing studies. Specifically, we aim to enable rigorous cross-regional comparisons of
soybean production by using individual LCA studies solely as sources of inventory data.
Rather than relying on the reported impact results—which often vary due to incompat-
ible methodological choices—we systematically extract the original inventory data and
recalculate these impacts using a unified Life Cycle Impact Assessment (LCIA) method.
To demonstrate this approach, we conduct a case study on soybean production across
five countries. By applying a consistent analytical framework, we generate region-specific
environmental impact profiles, allowing for a more accurate and harmonized comparison
of production systems.

2. Materials and Methods
2.1. Study Design

This study followed a structured workflow (Figure 1) with a systematic review of
LCA studies on soybean production. A comprehensive database was built using literature-
sourced data on emissions, farming practices, and environmental indicators. The following
two impact indicators were assessed: non-biogenic GHG emissions (GWP) and LU/LUC im-
pacts (soil biogenic capacity loss). All systems were analyzed under consistent boundaries
and a common functional unit. The analysis included descriptive statistics, comparative
assessments, and spatial mapping to identify key trends. The findings were then used to
generate sustainability recommendations and were compared with previous reviews to
highlight new methodological insights.
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Figure 1. Workflow used for the methos applied in this article. IPCC—Intergovernmnental Panel on
Climate Change; LCA—Life Cycle Assessment.
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2.2. Systematic Review

The first step of the work was a systematic review following the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) method [22]. This was an
intermediary step towards the goal of the paper. The protocol for the review was published
with the number osf.io/rjh95 [23]. The PRISMA methodology was applied as follows:

Objectives of the systematic review: We compiled a list of Life Cycle Inventory (LCI)
data for soybean production systems across the globe.

Eligibility criteria: The literature search focused exclusively on peer-reviewed LCA
studies that assess the environmental impacts of soybean production and report original
and complete LCI data. Original LCI data have not been published in another study, and
complete LCI data have to include, at minimum, inputs (fertilizers, energy, and irrigation)
and outputs (yields) with farm-gate system boundaries.

Information sources: We carried out a systematic search in Web of Science, Scopus,
and ScienceDirect using a combination of a set of keywords related to the method, namely
“LCA”, “Life Cycle Assessment”, “Environmental footprint”, “Carbon footprint”, and a set
of keywords related to the product, namely “Soy”, “Soybean”, “Tofu”, “Soy cultivation”,
“Soy farming”, and “Soy production.” Boolean operators were applied to ensure that the
papers referred to at least one of the terms in the two groups (with an AND), but any term
would suffice within each of the groups (hence, the terms were separated with an OR). To
complete the search and further minimize the risk of omitting relevant studies, citation
tracking was performed using past reviews, including Poore and Nemecek [14], to identify
additional sources. Additionally, reference lists of selected articles were screened, but no
new studies met the inclusion criteria. Studies meeting these criteria were downloaded
between 5 March and 30 May 2024.

Inclusion criteria. Studies were included based on the following criteria:

(a) Publication in refereed academic journals, ensuring data quality, transparency, and
methodological rigor;

(b) Publication between 2010 and 2024, reflecting recent production systems;

(¢) Inclusion of LCA data with quantified inventories of farm operations and mate-
rial/energy use;

(d) Data specifically for soybean production.

Risk of bias: Although no formal risk of bias tool was applied, study quality was
ensured by restricting inclusion to peer-reviewed journal articles, verifying consistency in
reported inventory data, and standardizing system boundaries where applicable. Addition-
ally, studies without full inventory data were excluded, and recalculated emissions were
compared with original study values.

Exclusion criteria: In cases where studies did not report specific variables, data were
either excluded from analysis or supplemented using regional estimates when available
to maintain consistency. Differences in system boundaries and allocation methods were
adjusted where necessary to ensure comparability across studies. If key data such as energy
use or irrigation were missing, these studies were not included in sub-analyses requiring
those parameters but were retained for broader comparisons where relevant.

2.3. Inventory Database Construction

The selected articles were systematically reviewed, and the relevant data were ex-
tracted into a comprehensive Excel table. The data were organized under the following
five main categories:

e  Process Information: Included the country, climate, cultivation area, operations, crop
rotation, or secondary crop information.
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e LCA Methods: Covered the standardization methodologies, system boundaries
(cradle-to-gate), functional units, allocation methods, and modeling approaches used
in each study.

e  LCIInput Data: Included fertilizers (nitrogen, phosphorus, and potassium), herbicides,
insecticides, energy consumption (diesel and electricity), agrochemical use, and crop
residue management.

e  LCI Output Data: Focused on GHG emissions flows (CO; and N;O), land, energy
outputs, and yields.

e  Results: Included the environmental indicators used in each study, such as GWP, water
use (blue, green, and grey water), and depletion of fossil resources.

Each article was treated as a separate data point, and in cases where multiple farming
systems or multiple farms/regions were described within the same study, these systems
were treated independently as observations. The metrics were normalized to a common
functional unit to facilitate cross-study comparisons. The functional unit used was 1 kg of
soybeans produced in a given year and at the farm gate.

2.4. Impact Assessment

LCA analysis followed a cradle-to-farm gate system boundary, covering all stages
from raw material extraction to the product leaving the farm. To ensure consistency and
reliability in assessing environmental impacts, it adhered to the ISO 14040 and ISO 14044
standards [24,25]. Environmental impacts were assessed using the following two main
indicators: global warming potential (GWP) and land use impacts (LU and LUC). The
method was structured into the following four components: recalculation of farm-level
emissions (Section 2.4.1), LCIA modeling (Section 2.4.2), assessment of indirect emissions
from field operations (Section 2.4.3), and land use impact estimation (Section 2.4.4).

2.4.1. Farm-Level Emissions

To ensure consistency between studies, we modeled the emissions of N;O and non-
biogenic CO; at the farm level. Emissions were a function of nitrogen inputs and soil
management practices. We used the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories, ensuring consistency and comparability with established international stan-
dards. As per the 2006 IPCC Guidelines [13], biological nitrogen fixation was not included
in the sources of N,O emissions due to the lack of evidence that it contributes significantly
to soil N»O emissions. Therefore, emissions were modeled solely based on reported ni-
trogen inputs such as synthetic and organic fertilizers. The selection of the appropriate
tier method and the detailed methodology and equations used for estimating direct N,O
emissions, indirect NoO emissions, and CO, emissions from soil management are presented
in Supplementary Data File S2 of this study. The approach is briefly outlined next.

N,O Emissions from Managed Soils

N,O emissions from managed soils were assessed following the [24,25] methodology,
based on nitrogen additions and transformations. Emissions were categorized as direct,
resulting from nitrification and denitrification processes in soils with added nitrogen, and
indirect, arising from nitrogen volatilization, deposition, leaching, and runoff. Direct
emissions were calculated from synthetic fertilizers (FSN), organic nitrogen inputs (FON)
such as manure, compost, and sewage sludge, and nitrogen excreted by grazing animals
on pastures (FPRP). Indirect emissions were attributed to atmospheric transport and the
water-mediated redistribution of nitrogen compounds (e.g., NHs, NOx, and NO3 ™), which
are later converted to N>O by the microbial activity in receiving environments.
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To estimate these emissions, we applied the Tier 1 approach using default emission
factors (EFs) recommended by the IPCC. Direct emissions were modeled using EF1 (for
N additions), EF2 (for managed organic soils), and EF3 (for grazing deposition), while
indirect emissions considered volatilization and the leaching pathways associated with
nitrogen inputs. All activity data and nitrogen input values were sourced from the original
studies included in the review.

A full breakdown of the emission factors used, nitrogen source classifications, and
all equations applied can be found in Supplementary Materials File S2, along with a
transparent overview of how the farm-level emissions were calculated across systems.

CO; Emissions from Soil Management

Non-biogenic CO, emissions from agricultural practices were analyzed for liming and
urea fertilization. Liming is widely used to manage soil acidity and enhance crop produc-
tivity, but it leads to CO; emissions through the decomposition of carbonate compounds
such as calcic limestone (CaCOj3) and dolomite (CaMg(CO3),). The Tier 1 approach was
applied using EFs of 0.12 for calcic limestone and 0.13 for dolomite, as recommended by
the IPCC. These emissions occur as bicarbonate ions (HCO3; ™) and decompose into CO,
and water. Urea fertilization also contributes to CO, emissions, as the bicarbonate formed
during its hydrolysis in soils evolves into CO,. The Tier 1 methodology was used with a
default EF of 0.20.

Methane (CH,) emissions from manure were not calculated in this study because the
IPCC (2006) guidelines [13] do not consider manure as a significant emission source for
croplands. Manure, if used as a fertilizer in soybean farming, is typically applied in solid
form or incorporated into the soil, where conditions are predominantly aerobic, minimizing
CH4 production. N,O is the main GHG stemming from the use of organic nitrogen inputs
in cropping systems.

2.4.2. Impact Assessment Model

For LCIA, the IPCC 2013 [26] GWP 100a method was selected because it is the most
widely used global warming metric in LCA and stems from the IPCC guidelines. GWP
expresses the relative contribution of each GHG emissions flow to global warming over
a 100-year time horizon, providing consistency with previous LCA-based environmental
assessments. The characterization factor for CO, was 1 and for N,O it was 265 [13]. These
factors, sourced from the IPCC Fifth Assessment Report (AR5), incorporate radiative
forcing and the atmospheric lifetime of each gas without feedback and are widely applied
in LCA studies.

2.4.3. Indirect Emissions from Field Operations

In addition to direct soil emissions, this study assessed indirect emissions arising
from field operations such as fuel combustion, transportation, and other energy-intensive
processes. These emissions were modeled using OpenL.CA 1.10 with the Ecoinvent 3.8
database, applying emission factors (EFs) consistent with the LCIA method used for farm-
level flows. This modeling accounted for the upstream impacts of fertilizer production and
transport, as well as those of on-farm diesel use. For manure, Ecoinvent’s aggregated EFs
include CHy4 emissions from storage and treatment (using a characterization factor of 28),
ensuring the comprehensive inclusion of indirect impacts. A complete list of the materials,
processes, and EFs used in this stage is available in Supplementary Materials File S2.

2.4.4. Assessment of Land Use Impacts

LU/LUC impacts were incorporated into the analysis to account for soil carbon
losses, which are not captured in the GWP indicator. Biogenic carbon remains a debated



Sustainability 2025, 17, 3396

7 of 23

issue in LCA, as standard GWP metrics struggle to incorporate carbon flows that may be
temporary [27]. To ensure that the assessment reflects long-term soil carbon stock changes
without distorting GWP calculations, LU/LUC characterization factors calculated from soil
carbon changes were applied instead.

To achieve this, we used regionalized characterization factors for land occupation
and transformation obtained for most countries worldwide by Teixeira et al. [28]. This
impact indicator models LU impact pathways as a loss of the soil’s biological capacity to
support production, measured as soil carbon loss relative to potential renaturalization.
Unlike fossil carbon emissions, these soil carbon losses represent a potential impact rather
than direct GHG emissions, requiring a separate and complementary indicator from the
GWP calculations.

We selected the characterization factors for occupation and transformation based on
the country where each system in the review was located. The factors used are detailed in
the Supplementary Materials File S3. These factors were multiplied by the land use flows
of area occupied (m?-a) and transformed (m?), which were calculated based on the inverse
of the yield for the functional unit of 1 kg of soybean.

2.5. Data Analysis

To assess soybean farming systems across different countries, we conducted a statistical
summary of key metrics to evaluate emission variability and distribution. This analysis
included farm-level, indirect, and total GWPs based on input data extracted from original
studies. Python 3.8 and its libraries were utilized to perform the analysis and visualization.
All technical details, including the specific Python libraries (pandas, seaborn, and others),
code snippets, and steps for data preparation and plotting, are comprehensively described
in Supplementary Document File S2. The recalculated emissions served as the basis for
subsequent comparisons.

A correlation analysis was conducted to explore the relationships between key agri-
cultural inputs and their associated GWPs. The analysis aimed to identify the roles of
key inputs such as fertilizer usage, manure application, farm area, yield, and energy use
(fuel and electricity) in the results. These specific inputs were chosen due to their critical
influences on emissions, as highlighted in prior research [29,30] and supported by this
study’s findings. Justifications for the variable selection are included in the supplementary
document. To visualize the results, we produced a heatmap using the seaborn library. The
heatmap employs a gradient color scheme from blue (negative correlations) to red (positive
correlations) to represent the strength and direction of relationships. Annotated correlation
values on the heatmap facilitate interpretation. The Pearson correlation coefficient was
used, as the data approximately followed a normal distribution.

Then, a country-level analysis was conducted by aggregating and comparing the
average greenhouse gas (GHG) emissions (kg CO,e/kg soybeans) reported for the farms
within each country included in the study. These averages were plotted using country-level
mapping to visualize the spatial variability in emissions. No sub-national (e.g., pixel-
based or regional GIS) spatial analysis was performed due to the fact that the scale of
the data reported in the original papers was variable, ranging from individual farms to
regional averages.

To identify the best practices for sustainable soybean farming, a narrative bench-
marking analysis was conducted, focusing on the impacts of agricultural inputs and field
operations, excluding land use changes. Farming systems from each country were eval-
uated for their environmental efficiency, with the lowest-emitting farms per kilogram of
soybeans benchmarked against the averages in the same and other countries. Key emission
drivers—such as fertilizer use, irrigation, and energy inputs—were analyzed, and yield
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Identification

Screening

data were considered to evaluate the trade-offs between productivity and environmental
performance. The results are presented separately for GWP and LU/LUC indicators.

Finally, to assess the consistency between the recalculated emissions and original
study findings, a comparative analysis was performed. The final results from this study
were plotted against the original reported values, with each point representing a system
included in the review. An identity line (y = x) was added to show perfect agreement, while
a regression line was fitted to observe general trends and detect systematic deviations. This
allowed for a visual and statistical evaluation of potential bias or differences between the
original and harmonized estimates.

3. Results and Discussion
3.1. PRISMA Systematic Review

The systematic review began with the initial identification of studies from the following
three databases: Google Scholar (54,800 studies), Scopus (160 studies), and Web of Science
(9240 studies), resulting in a total of 64,200 records. After removing 63,940 based on
the criteria mentioned in Chapter 2.2 during the initial screening of titles and abstracts,
260 records remained for further review. Of these, 203 were excluded after screening based
on the following five reasons: insufficient data, irrelevance to LCA, inaccessible data, being
outside of the time scope, and being duplicates of previous studies. This left 57 studies
for eligibility assessment. Additional records were identified through citation searching
(17 studies), of which 9 were excluded during the eligibility assessment process for not
meeting the inclusion criteria. Ultimately, 19 studies were included in the final review, as
presented in Figure 2.

Identification of studies via databases and registers Identification of studies via other methods
Rmmmmggggir?ﬁazfg?m_ Records removed Recqrds identified
Google Scholar (n before screening: from:
=54800) > Records Citation searching
Scopus (n = 160) removed for (n=17)
Web of Science (n other reasons
=9240) (n =63940)

h 4

Records screened o]
(n =260) (n =203} Reports assessed for eligibility
(n=17)

Reports assessed foreligiviity | | Reports excluded * l

(n=57) Reason 1 (n =21)
Reason 2 (n=13)
Reason 3 (n =4) Reports excluded *:
Reason 5 (n= 2) Reason 4 (n=8)

Reason 5 (n =7)

[ incluged | |

Studies included in review

(n=19)

'

Figure 2. PRISMA flow diagram for systematic reviews. Adapted from Page et al. [31]; * Reason 1:
Insufficient data; Reason 2: Irrelevance to LCA; Reason 3: Inaccessible data; Reason 4: Outside of
time scope; and Reason 5: Duplicates.
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3.2. Inventory Database

The final database of inventories for soy production included 126 rows, detailing
process and environmental data for farms across six countries. The majority of entries were
from Iran (97 farms), with additional data from Brazil (16 farms), Italy (1), China (5 farms),
the USA (3 farms), and Argentina (4 farms). This distribution reflects a significant mismatch
with the global soybean production landscape, where countries like Brazil, the USA, and
Argentina are among the top producers. As such, the findings of this study should be
interpreted with caution when generalizing the results to national or global production
systems. Brazil, the USA, and Argentina account for approximately 80% of the world’s
soybean production [32]. Over the past two decades, soybean farmland has expanded
significantly in Brazil, the USA, and Argentina, while China remains a major importer of
soybeans from these regions [33].

Each entry followed a cradle-to-gate system boundary, with ISO 14040 or ISO 14044
standards [24,25]. The functional units were predominantly mass-based (1 kg or 1 ton of
soybean), with a single instance of an area-based unit (1 acre, USA). Key climate conditions
represented in the data included savannah, continental dry, warm and dry, tropical and
moist, Mediterranean, humid, and subtropical. Common secondary crops farmed between
soybean seasons varied by region, as follows: maize (China and Brazil) and wheat or canola
(Iran). Cultivation periods were consistent across entries, with a one-year duration. The
inputs documented in the dataset included fertilizers (N-P-K and organic amendments),
energy consumption, and agrochemicals (e.g., urea, dolomite, and limestone), while outputs
covered CO, and N,O emissions. Most studies reported LCIA results for GWP and
resource use (water and fossil fuel depletion). A comprehensive list of inputs, outputs, and
methodological details can be found in Supplementary Materials File S1.

3.3. Data Analysis Results

3.3.1. Emissions Overview

The average total emissions, considering all individual farms, amounted to 1.27 kg
COze per kilogram of product. This included 0.39 kg CO,e/kg from farm-level emissions
and 0.87 kg COe/kg from other indirect sources. This average was calculated across all
126 systems included in the study. However, it should be noted that for some studies—
particularly one contributing 94 systems—only the aggregated average was reported by
the authors, not the values for each individual farm. In contrast, other studies provided
disaggregated data per farm. This methodological difference may have contributed to a
slightly higher overall average compared to the country-specific averages presented in
the conclusion and later. These results highlight the key contributions of both on-farm
activities and upstream processes, such as fertilizer production and fuel use, to the total
GHG emissions associated with soybean cultivation. The values reported serve as a basis
for identifying emission hotspots and informing targeted mitigation strategies in soybean
farming systems.

3.3.2. Correlation Analysis

The correlation analysis between key inputs—fertilizers, diesel, manure, and field
operations—and emissions highlights significant relationships across the dataset, as shown
in Figure 3.

Manure usage demonstrates a nearly perfect positive correlation with farm-level
emissions (r = 0.98, p < 0.01), as well as a very strong correlation with total emissions
(r =095, p < 0.01). These relationships underscore the role of manure as a primary
contributor to GHG emissions. These emissions can be attributed to N, O release during
manure decomposition and the energy-intensive operations required for its storage and
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handling [29]. Additionally, manure shows a strong positive correlation with emissions
from field operations (r = 0.88, p < 0.01), suggesting that its application and incorporation
into the soil, which involve mechanized activities, further amplify its impact [34]. Diesel
oil usage, however, does not show statistically significant correlations with emissions or
other inputs. This aligns with findings that diesel oil, as a direct fuel input, contributes
only marginally to overall GHG emissions. Its role is primarily confined to powering
machinery and equipment, which constitutes a small proportion of the total agricultural
emissions [35].
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Figure 3. Correlation matrix between selected inputs and emissions, *—significant at the 5% level
and **—significant at the 1% level; correlations without asterisks are not statistically significant.

Water usage exhibits a moderate positive correlation with emissions from field opera-
tions (r = 0.45, p < 0.05). This relationship can be explained by the contribution of moisture
to NoO emissions and by the energy-intensive nature of irrigation systems, particularly
those reliant on electrically or fuel-powered pumps.

3.3.3. Differences Between Farms in Each Country
Emissions Distribution by Country

Figure 4 illustrates the average country-level GWP from soybean farming in the
sample, with averages ranging from 0.27 to 0.94 kg CO,e/kg. The map highlights notable
differences in the average GWP across key soy-producing countries. The average GWP for
farms in Argentina was 0.27 kg CO,e/kg, for Brazil was 0.53 kg CO,e/kg, for China was
0.64 kg COye/kg, for the United States was 0.87 kg CO,e/kg, for Italy was 1.13 kg CO,e/kg,
and for Iran was 1.53 kg CO,e/kg. These differences in emissions can be attributed to
several key factors, including local climatic conditions, the intensity of input use, the scale
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of farming operations, technological efficiency, and the adoption of sustainable agricultural
practices, as analyzed next in detail.

1.53

f
‘ 0.27

Figure 4. Average global warming potential (GWP) of soybean production in the sample farms
(kg COze/kg soybean). The darker tone of the shading is proportional to the average GWP of the
farms within the country. Note: coloring of entire countries does not imply that soybean is cultivated
throughout the entire territory and only has the purpose of showing country borders.

Countries with High-GWP Farms: Iran, Italy, and the United States

The higher emissions observed for farms in these countries are primarily driven by
intensive input use, particularly the extensive application of synthetic nitrogen fertilizers,
which significantly increases the carbon footprint of soybean farming [36]. Farms in
Italy and the United States rely on large-scale agricultural systems that depend on high
fertilizer inputs, with nitrogen-based fertilizers being a dominant source of greenhouse
gas emissions, particularly through N,O release [37]. While mechanization plays a role in
energy consumption, its contribution to overall emissions is minor compared to fertilizer
use, which is the primary driver of agricultural GHG emissions in these systems [38].

Although soybeans, as legumes frequently inoculated with nitrogen-fixing microor-
ganisms, reduce the need for synthetic nitrogen fertilizers, emissions from irrigation and
associated machinery can still be significant contributors to carbon footprint in the Italian
context [39].

In the United States, the large-scale operations for farms in the sample also rely on
mechanization and high input use, which contribute to elevated emissions [40]. Most farms
in Iran present a unique case, where high emissions are primarily driven by the extensive
use of energy-intensive irrigation systems in arid climates, which contribute both to energy
consumption [41,42] and N, O emissions (from irrigation-induced soil processes).

Countries with Low-GWP Farms: Argentina and Brazil

In contrast, farms in Argentina and Brazil exhibit the lowest emissions, with averages
of 0.27 and 0.53 kg CO,e/kg, respectively. Several sustainable agricultural practices and
favorable environmental conditions may contribute to these lower emissions. The farms
in Argentina present in our sample have relatively low emissions due to the widespread
adoption of no-till farming, which minimizes fuel emissions from mechanization by re-
ducing the frequency of field operations, such as plowing and tilling, which are otherwise
energy-intensive processes [43]. Additionally, the studies analyzed in this research indicate
that these Argentinian farms minimize the use of fertilizers, relying primarily on P,Os
(phosphate fertilizers) while avoiding nitrogen and potassium fertilizers. It is unclear what
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role the use of biological nitrogen fixation plays due to a lack of data in the original papers.
This selective approach reduces the overall carbon footprint of soybean production, as
nitrogen fertilizers are a major source of NoO emissions in intensive production systems
such as those in U.S. farms, where the application of nitrogen fertilizers significantly con-
tributes to greenhouse gas footprint [44]. The Brazilian farms in the sample also display
several sustainable farming practices, including precision agriculture and integrated crop—
livestock—forestry systems, which enhance productivity while reducing environmental
impacts [45]. Those farms also optimize their consumption of inputs such as fertilizers
through precision agriculture, conservation tillage, and integrated agricultural systems [46].
Additionally, the country’s reliance on renewable energy sources, including biofuels from
sugarcane and soybean residues and solar energy in rural areas, helps to minimize the
carbon intensity of production [47].

Climate, Technical, and Policy Conditions

Two key explanatory factors for the performance of farms across countries are ge-
ography and climate, which play crucial roles in shaping emissions profiles. Regions
with favorable climates, such as Argentina and Brazil, naturally achieve higher yields,
with fewer inputs like water and synthetic fertilizers due to advantageous environmental
conditions [41]. These environmental benefits, combined with soil conservation practices,
contribute to the reduced GWP of soybean production in these countries [42]. Conversely,
farms in countries like Iran must battle against an arid climate using extensive irrigation,
which increases energy consumption and GHG emissions [48].

This regional variability in soybean production emissions highlights the importance
of tailoring mitigation strategies to local conditions. For instance, regions with favorable
climates inherently possess environmental advantages that lower input requirements,
while others must rely on technological innovations and policy-driven incentives to achieve
sustainable production. The policy environment also plays a significant role, as seen
in Brazil, where environmental regulations and incentives for sustainable farming have
driven progress in reducing agricultural emissions [49]. Best practices should, therefore,
be identified by benchmarking with the lowest-GWP farms within each region rather
than globally.

3.3.4. Identifying Best Practices

Soybean farms in Argentina have some of the most environmentally efficient practices
in the sample for both no-tillage and tillage farming systems [50]. For no-tillage farming,
diesel usage is 35 L per hectare, fertilizer application is 38 kg of P,Os per hectare, and
yield is 2630 kg /ha, with no irrigation reported. In contrast, tillage farming uses 62 L of
diesel per hectare, 5.2 kg of fertilizer per hectare, and achieves a lower yield of 2248 kg/ha,
also with no irrigation. These minimal input levels, especially in the no-tillage system,
contribute to Argentinian farms having a lower overall GWP compared to input-intensive
systems. Although irrigation energy contributes to total inputs in some cases, no data on
irrigation are reported for farms in Argentina. Thus, while soybean farming in Argentina
achieves a moderate productivity, its selective approach to inputs and reliance on natural
rainfall [51] help to reduce emissions, particularly in the no-tillage system.

In Brazilian farms, soybean production studies report a yield of 3422 kg/ha, with
inputs of 7.46 kg of N, 74.6 kg of P,0Os, 186.5 kg of K,O, 98 L of diesel per hectare, and
18.2 m3 of irrigation water per hectare [52]. Other studies document a yield of 3157 kg /ha,
using 6 kg of N, 81 kg of P,Os, 87 kg of K;O, and 33 L of diesel per hectare, with no
irrigation [53]. Another assessment records a yield of 2969.65 kg/ha, with inputs of 11.16 kg
of fertilizer, 75.73 L of diesel per hectare, and no irrigation, relying on the rainy season [54].
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Among these, the study with no irrigation and moderate fertilizer use was environmentally
optimal, achieving a balance between productivity and low resource use [53].

For farms in Iran, data collected for the Mazandaran province show a yield of
229591 kg/ha, with inputs of 47.67 kg of N, 27.03 kg of P05, and 18.71 kg of K,O
per hectare, alongside 136.73 L of diesel per hectare and irrigation of 1739.42 m?3 per
hectare [20]. In Golestan province, yields are higher, reaching 3846 kg/ha, with 115 kg
of P,Os per hectare, no nitrogen or potassium fertilizers, 109 L of diesel per hectare, and
significantly higher irrigation of 4838 m3 per hectare [29]. These differences reflect the high
irrigation needs characteristic of Iran, where low rainfall and high evapotranspiration rates
necessitate irrigation to sustain crop yields. Traditional irrigation methods, such as flood
irrigation, further contribute to high water use compared to more efficient systems like
drip irrigation [20]. Additionally, groundwater extraction plays a crucial role in meeting
agricultural demands, particularly in Golestan, where reliance on groundwater is essential
for maintaining a higher productivity [29].

In China, soybean farming practices vary significantly across studies, highlighting
differences in inputs and productivity. Conventional systems in the Jilin Province use 47 kg
of N, 14 kg of P,0Os, and 28 L of diesel per hectare, achieving a yield of 3083 kg/ha [55].
Another study in China reports irrigation of 966 m3 per hectare, which aligns with the
provincial average, and input levels of 20 kg of N, 100 kg of P,0Os, 200 kg of K,O, and 124 L
of diesel per hectare, producing a yield of 2030 kg/ha [56].

This analysis shows that best practices can only be defined in relation to the location
of production. In Argentina, no-tillage farms stand out, with a lower consumption of
inputs and less irrigation, probably due to the reliance on natural rainfall. The Brazilian
farms with the best performance, compared to farms in other countries, tend to show
moderate fertilizer use, low diesel consumption, and reliance on seasonal rainfall rather
than irrigation [52].

3.3.5. Land Use Impact

Figure 5a illustrates the regional variation in occupation (t C-year/kg) and Figure 5b in
transformation (t C/kg) land use impacts on the soil biotic production potential associated
with soybean farming. Occupation impacts represent the yearly potential soil carbon
loss due to sustained land occupation with soybean rather than a potential naturalized
ecosystem, and transformation impacts represent the potential carbon lost during land
transformation only from a naturalized ecosystem state.

Occupation impacts show significant differences between farms in each country. Brazil-
ian farms exhibit the highest impact at 4.32 t C-year/kg, reflecting the occupation of land
with a high natural carbon sequestration potential, particularly in regions like the Amazon
and Cerrado. Even in long-established agricultural areas, the environmental cost is mod-
eled relative to the land’s natural baseline state, as occupation impacts account for foregone
carbon sequestration over time [53,57]

Chinese farms follow with an occupation impact of 2.92 t C-year/kg, driven by the
relatively high carbon in potential natural grassland ecosystems being used as croplands
to meet the country’s growing food demands [58]. American farms show an intermediate
occupational impact of 1.92 t C-year/kg, reflecting the carbon potential of historical prairie
ecosystems converted into farmland and the relatively stable agricultural landscapes in the
region [59]. Farms in Iran and Argentina have lower occupation impacts at 1.41 t C-year/kg
and 1.31 t C-year/kg, respectively. In Iran, the semi-arid and arid conditions naturally limit
the extent of carbon-rich natural ecosystems, while Argentina benefits from the slower
conversion of natural land and the use of existing agricultural areas [60]. Italy has the
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lowest occupation impact at 0.89 t C-year/kg, attributed to its reliance on established
agricultural lands with low-carbon naturalized ecosystems [61]
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Figure 5. Land use impact measured in terms of loss of soil biotic potential in tons of carbon lost.
(a) Occupation impacts (t C-year/kg) and (b) transformation impacts (t C/kg). The darker tone of the
shading is proportional to the average impacts of the farms within the country. Note: coloring of
entire countries does not imply that soybean is cultivated throughout the entire territory and only
has the purpose of showing country borders.

For the transformation of land use, Iranian farms exhibits the highest impact at
0.08 t C/kg, which reflects recent land use transformations to expand cropland [62]. Farms
in China and Argentina both show an impact of 0.07 t C/kg, highlighting similar pat-
terns of land use changes and their associated carbon losses [63]. Brazilian farms have
a transformation impact of 0.05 t C/kg, which is relatively lower than their occupation
impact. This result reflects quicker ecosystem transformation, a parameter that is used for
the calculation of the characterization factors. The literature also supports that the ongoing
agricultural activities in Brazil are primarily responsible for long-term carbon losses rather
than immediate transformation [64]. Farms in the U.S. have a transformation impact of
0.04 t C/kg, stemming from historical land use changes, while Italy again demonstrates the
lowest transformation impact at 0.03 t C/kg, showcasing the advantages of maintaining
established agricultural areas in low-natural-value ecosystems [65].

Brazil’s leading occupation impact highlights the need for sustainable land manage-
ment to reduce long-term carbon losses, while its lower transformation impact suggests
quicker adjustment times than, for example, in Argentina. Iran and China show relatively
high transformation impacts, while Italy’s consistently low impacts across both indica-
tors exemplify the environmental benefits of utilizing established agricultural land in
comparably low-natural-value land.

3.4. Comparison with the Literature

Figure 6 presents a point cloud comparing the results of this study with the results
from the original studies. The slope of the regression line (0.82) is close to 1 and the intercept
(0.037) is close to 0.08, indicating that the results from this study closely follow the trend of
the original studies. However, the results of each study do not exactly match, as there is
dispersion along the trendline.
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Figure 6. Comparison: results of this study vs. results from original studies.

To further explore these differences, we compared the average GHG emissions per
country obtained from this study’s standardized calculations with the average values
reported in the original studies. For Brazil, this study calculated an average of 0.53 kg
COqe/kg, compared to 0.56 kg CO,e/kg in the original studies. In Iran, the average was
1.53 kg COze/kg in this study and 0.54 kg CO,e/kg in the original data. The United States
showed 0.87 kg CO,e/kg in this study and 1.11 kg CO,e/kg originally. For China, the
recalculated average was 0.64 kg CO,e/kg, while the original was 0.53 kg CO,e/kg. In
Italy, this study estimated 1.13 kg CO,e/kg compared to 1.06 kg CO,e/kg in the original
sources. Argentina had the smallest difference, with 0.27 kg CO,e/kg in this study and
0.29 kg COye/kg in the original studies. These differences highlight the added value of
using a harmonized LCA methodology, which helps to reduce inconsistencies caused by
methodological heterogeneity across studies.

The numbers found here can also be put into the context of Poore and Nemecek's [14]
study. For soybean, they utilized only 47 global observations, estimating farm-stage GHG
emissions to range between 0.36 and 0.54 kg CO,e per kilogram of soybean. However, they
did not distinguish between specific production systems or regional practices. In contrast,
this study captures a much wider variability in emission values aggregated by country,
ranging from 0.27 to 1.53 kg CO,e/kg, reflecting the influence of region-specific practices,
input use, and environmental conditions. This broader range underscores the importance
of using regionally differentiated data and harmonized methodologies to better represent
the real-world variability in agricultural emissions. The lower emissions reported by Poore
and Nemecek may reflect the dilution of intensive farming impacts due to their reliance
on a global dataset. Additionally, the median reference year of 2010 for their dataset may
not fully capture recent trends in intensified farming practices, such as increased fertilizer
application, expanded irrigation, and deforestation-driven soybean expansion in some
regions. By focusing on more recent research and applying a standardized approach,
this study provides a more nuanced and updated perspective on soybean production’s
environmental impact.
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3.5. Assumptions and Limitations
3.5.1. Lack of Detailed Information on Crop Residue Management

One significant limitation of this study is the lack of comprehensive data regarding
crop residue management practices, a factor that can substantially influence CO, emissions.
Crop residues, depending on whether they are burned, left on the field, or removed for
other purposes, contribute differently to the carbon footprints of agricultural systems.
While it is known that the handling of crop residues plays a critical role in determining
GHG emissions [66], many studies provide only vague descriptions of these practices or
omit them altogether. In fact, only 3 out of 19 studies (15.8%)—Eranki et al. (2019), Knudsen
et al. (2022), and Petersen et al. (2020) [30,55,67]—presented specific information about the
fate of crop residues in their analyses.

This omission represents a gap in our LCA and contributes to uncertainties in the
calculated emissions. The inability to account for residue management practices in detail
limits the accuracy of the overall environmental impact assessment, as these practices can
significantly alter the carbon sequestration potential of soils and influence CO, emissions
through decomposition processes. Future studies must focus on collecting region-specific
data on residue management to improve the reliability of LCA outcomes and guide more
effective mitigation strategies.

3.5.2. Absence of Climate, Soil Type, and Geographical Data

Climate, soil type, and geographical location are critical factors that influence crop
yields, farming practices, and emission profiles [68]. However, in the original studies,
detailed data regarding these factors were often missing, limiting the ability to perform
a more comprehensive geospatial analysis through the application of Tier 2 modeling.
Climate and soil conditions play important roles in determining fertilizer needs, water
use, and energy inputs, which, in turn, affect emissions from agricultural operations [68].
Without accounting for these factors, the analysis may lack the depth necessary to provide
tailored recommendations for different regions.

The absence of these data restricts the study’s ability to assess the impacts of environ-
mental conditions on farming practices, thus limiting its capacity to develop region-specific
strategies for reducing GHG emissions. This lack of granularity also poses challenges for ap-
plying the findings universally, as the results may not accurately reflect the environmental
impact of farms operating under different climatic and soil conditions.

3.5.3. Limited Sample Size for Organic Farming Systems

A major limitation encountered in the reviewed literature is that only three studies
reported complete LCA inventories for organic soybean farms. Due to this limited sample
and lack of statistical representativeness, this study did not include a comparative analysis
between organic and conventional systems. As a result, any interpretation of organic
production impacts remains outside the scope of this study. Nonetheless, the existence
of a few detailed LCA reports on organic soybean farms indicates that this is a relevant
area of future research. This could be achieved by including high-quality studies beyond
peer-reviewed sources or by encouraging more organic LCA studies.

3.5.4. Gaps in Input Data and Variability in Data Quality

Several gaps were also encountered in this study regarding the consumption of mate-
rials and energy. Missing or incomplete data related to fertilizer use, irrigation, and energy
consumption introduced uncertainty into the emissions calculations. For instance, 8 out of
19 studies (42.1%) did not provide information about specific fertilizer inputs, 11 (57.9%)
lacked details on irrigation, 15 (78.9%) omitted data on electricity use, and 10 (52.6%) did
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not report fuel usage. The absence of detailed information directly impacts the accuracy of
NO emissions estimates and adds uncertainty to the overall analysis.

To address these challenges, there is a pressing need for more systematic and stan-
dardized reporting of critical data in LCA studies. Academic journals and editors should
establish and enforce clear guidelines that ensure the inclusion of essential information in
all published studies. Systematic reporting practices would enhance transparency, compa-
rability, and replicability in LCA research, allowing for more robust analyses and informed
decision making. Such standards could include the adoption of reporting templates, manda-
tory data appendices, and peer review processes that emphasize data completeness. By
prioritizing standardized data reporting, the academic community can significantly im-
prove the quality and reliability of emissions assessments and contribute to more impactful
sustainability research.

3.5.5. Limitation in Regional Representation

One limitation of this study is the unbalanced representation of countries, with most
farms concentrated in Iran (97), while countries that stand out in global soybean production
volume, such as Brazil (16), China (3), the USA (3), and Argentina (4), are represented
by far fewer farms. Several of these countries have continental dimensions and very
different cultivation systems between regions. Therefore, depending on where the farms
were located, the results may not correctly represent the systems used across the entire
country. This imbalance stems from the limited availability of LCA studies reporting
detailed inventory data. While the current dataset offers valuable insights, it should be
interpreted with caution, and future studies should strive to include a more balanced and
regionally diverse sample to improve the representativeness and robustness of the findings.

3.5.6. Potential Gaps in Literature Coverage

While this systematic approach aimed to capture all relevant studies, some references
may have been unintentionally omitted due to database indexing limitations, variations
in keyword use across studies, or language constraints. Despite efforts to supplement
the search with citation tracking, the potential for missing relevant publications is a com-
mon challenge in systematic reviews. Expanding search strategies, including additional
languages, and incorporating alternative keyword formulations could help to improve
coverage in future research.

3.6. Methodological Framework Strengths

Despite the limitations discussed, this study provides a novel contribution by system-
atically assessing the environmental impacts of soybean farming using a standardized LCA
approach as an alternative to conventional meta-analyses. Unlike previous studies that pri-
marily focus on global averages, this research highlights the importance of region-specific
conditions and methodological harmonization in determining environmental performance,
adding value to the ongoing discourse on sustainable agriculture.

The findings emphasize the necessity of regionally tailored agricultural management
strategies to maximize environmental benefits. Some systems demonstrate lower GHG
emissions per unit of output, particularly those that exhibit a high nitrogen fertilizer effi-
ciency, precision irrigation, and optimized pesticide application—practices that contribute
to higher yields and reduced land use pressure. The use of reduced tillage practices is also
present in low-GWP farms. Reduced tillage can also enhance soil carbon sequestration,
partially offsetting emissions from synthetic inputs [69] (an effect that was not taken into
account here). In addition to the practices identified in this study, the use of slow-release
nitrogen fertilizers and nitrification inhibitors can also significantly reduce N,O emissions,
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while advanced irrigation techniques such as drip irrigation can lower water consumption
and related energy use [70,71].

These results underscore the importance of optimizing farming practices based on local
climate, soil conditions, and input efficiency, rather than relying on generalized global aver-
ages or review approaches that overlook methodological inconsistencies between studies.

3.7. Policy Implications

From a policy perspective, supporting sustainable soybean production requires adap-
tive measures that align with regional characteristics. Policies that promote precision
agriculture, efficient nitrogen management, and sustainable land use practices can mitigate
emissions from conventional farming. Stricter regulations on land use conversion can help
to prevent deforestation-related emissions, which remain a critical concern in soybean-
producing regions [72]. Addressing these aspects in future research will further strengthen
the applicability of LCA in guiding sustainable agricultural decision making.

One key aspect of improving agricultural sustainability is the integration of renewable
energy sources into soybean farming systems. The transition to renewable energy in
soybean production faces several obstacles, including high initial investment costs, a lack of
infrastructure, and limited technical knowledge. In many soybean-producing regions, the
adoption of solar-powered irrigation systems and biofuel-powered agricultural machinery
is constrained by financial barriers and policy inconsistencies. For example, while countries
such as Brazil and the USA have introduced incentives for renewable energy in agriculture,
small- and medium-scale farmers often lack access to financing mechanisms that would
enable them to transition away from conventional energy sources [73-75].

Additionally, the energy intensity of soybean production varies by region, with mech-
anized large-scale farms in Argentina, Brazil, and the USA requiring higher energy inputs
than smaller-scale operations in China or India [32]. This further influences the feasibility
of renewable energy integration, as highly mechanized farms depend heavily on diesel-
powered equipment, which currently has limited commercially viable alternatives [76].

To accelerate the adoption of renewable energy in soybean farming, targeted policy
interventions and economic incentives are necessary. Subsidies for solar and wind energy
systems, tax incentives for renewable-powered agricultural equipment, and low-interest
loans for farmers have already proven successful in Europe and parts of South America,
providing models that could be adapted for broader application in soybean-producing
regions [77,78]. Additionally, developing decentralized energy grids in remote agricul-
tural areas would reduce dependence on fossil fuel-based electricity, improving access to
sustainable energy solutions [79].

Beyond direct subsidies, investments in bioenergy production from soybean residues
could provide a dual benefit—generating renewable energy while improving waste man-
agement practices in farming systems. Such circular approaches would increase energy
self-sufficiency within soybean farms and reduce overall environmental impacts [80]. How-
ever, the effectiveness of renewable energy adoption in soybean production will ultimately
depend on regional economic conditions, government commitment, and ongoing techno-
logical advancements that enhance the affordability and efficiency of sustainable energy
solutions in agriculture.

4. Conclusions

Even in a field as standardized as LCA, individual studies apply methods tailored to
specific case studies. This variability complicates cross-regional comparisons using results
from different studies. While meta-analyses help to mitigate inconsistencies, they do not
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fully resolve methodological differences. To address this, we extracted LCI data from the
literature and recalculated impacts using a consistent method.

This enabled the analysis of 126 soybean farming systems across six countries. Com-
pared to the original study results, there were no major systematic differences, but substan-
tial variation was observed between farms and while aggregating farms in each country.
The recalculated emissions ranged from 0.27 to 1.53 kg CO,e/kg compared to the narrower
interval of Poore and Nemecek’s review of 0.36-0.54 kg COe/kg. Farms in Iran, which,
in our systematic recalculation of emissions, had some of the highest GWPs, would have
had some of the lowest if we had used the results from the original studies. This wider
variability underscores the added value of harmonizing LCA methods, offering a more
realistic and differentiated view of emissions performance.

A lower non-biogenic GWP was found in systems from Argentina and Brazil, often
due to favorable input-yield ratios and practices such as no-till. Higher emissions were
observed in Europe and the Middle East, driven by irrigation and input use. LU/LUC
impacts were the highest in Brazil due to cultivation in high-natural-value ecosystems,
while Italy and Argentina showed the lowest LU/LUC impacts, linked to long-established
farmland. These findings support the need for locally adapted mitigation strategies.
Optimizing resource use and adopting appropriate techniques will depend heavily on
regional conditions.

This approach is limited by the quality and completeness of original data. Missing
details on residue management, input use, and energy limited more advanced modeling.
Better reporting standards would improve the reliability of future assessments. Nonetheless,
the consistent application of LCA across systems enabled clearer comparisons and may
improve how synthesis studies are conducted going forward.
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Abbreviations

The following abbreviations are used in this manuscript:

LCA Life Cycle Assessment

GHG Greenhouse Gas

IPCC Intergovernmental Panel on Climate Change

PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses
LU Land Use

LUC Land Use Change
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