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The Intermediate Wheatgrass (IWG) Thinopyrum intermedium (Host) Barkworth
& D.R. Dewey, marketed under the trade name Kernza® has been tested
in France with a group of farmers since 2017. The Life Cycle Assessment
(LCA) is a recognized methodology to assess the potential environmental
impacts and resources consumption associated with a production system. An
attributional LCA following ISO 14040/44 was conducted, focusing on static
comparisons. The main purpose of this paper was to estimate the “cradle-
to-farm gate” environmental effects caused by the cultivation of intermediate
wheatgrassin comparison with the main crops produced, among which soft
wheat and maize grain stand out. This research has been achieved with 6
farmers, 3 under organic and 3 under conventional production. A comparative
assessment was carried out per year and under 3 years of crop rotation
to determine contributions to the environmental impact. Several impact
categories were evaluated, including global warming potential (GWP), ozone
depletion (OD), freshwater eutrophication (FE) freshwater ecotoxicity (FEC) and
acidification (AC). Intermediate wheatgrass (IWG) shows significantly better
environmental performance per hectare than annual crops due to its perennial
nature with limited soil preparation and lower input requirements. Conversely,
IWG performs worse per ton due to its relatively low grain yield. IWG results
shows higher contribution of mechanical practices than cash crops with 70%
for GWP and OD and 20% with FE, AC and FEC due to low use of fertilizers
and pesticides over the 3yr. Grain yields of organically grown crops are lower
than those of conventionally grown crops, regardless of the crop. Conventional
management shows higher environmental impacts than organic per hectare
on IWG but also on annual crops in each category. Conversely organic
management on IWG conduct to higher GWP and FE per volume due to regular
mechanic weeding, inducing fuel consumption, and organic manure applied
before sowing. The results on IWG show significant difference on environmental
performance per hectare and per ton between establishment year inducing soil
preparation, sowing and fertilization and succeeding years with limited practices
except weed management and/or mulching.

KEYWORDS

intermediate wheatgrass, Kernza®, life cycle assessment, farming systems, on-farm,
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1 Introduction

United Nations, Department of Economic and Social Affairs,
Population Division (2019) shows that the world’s population is
expected to exceed 9 billion by 2050, leading to an expected +47%
increase in food demand. Annual grains are an essential part of
the human diet, accounting for 80% of global calories and 70%
of global cropland (Pimentel et al., 2012; Crain et al., 2020). The
intensification of production systems, leading to crop specialization
and the systematic use of synthetic chemicals (nutrients, pesticides)
and irrigation, can lead to a gradual degradation of soil and
water quality, an increase in greenhouse gas (GHG) emissions,
and a depletion of natural biodiversity and water availability
(Crews et al., 2018; Tilman et al., 2002). Intensive tillage practices
are also associated with the release of carbon dioxide into the
atmosphere and soil erosion. A major challenge for the future
of agriculture is to produce sufficient amounts of food with
minimal environmental impact and reduced emissions. Promoting
agroecology (e.g., organic farming, ecological intensification)
guide future developments toward more sustainable farming
systems to provide food while enhancing ecosystem services and
reducing inputs.

Perennial grain crops can be part of the solution to the
dual challenge of promoting food security while protecting
environmental resources and resilience to climate change (Batello
et al,, 2013). The inclusion of perennial grain as intermediate
wheatgrass (Thinopyrum intermedium, IWG) is a potential
agroecological solution within current agricultural production
systems (DeHaan et al, 2023). IWG could provide grain for
human consumption and fodder for animals. This crop can also
contribute to ecosystem services such as reduced erosion and
nutrient leaching, increased carbon sequestration and reduced
GHG emissions due to limited use of synthetic chemicals (de
Oliveira et al., 2018, 2020; Sprunger et al., 2019; Woeltjen et al,,
2024). The improved water retention through root density makes
the plant more resilient to climate change and drought risks
(Clément et al., 2022).

Efforts to domesticate ITWG as a perennial grain crop
accelerated in the early 2000ss. However, this crop currently has
a low grain yield potential, reaching a maximum of 10%—20% of
the potential of better modern wheat lines under a wide range of
soil and climatic conditions (Larkin et al., 2014). Consequently,
the lower yield per unit of land implies a greater need for arable
land. The development opportunities for perennial grain need to be
assessed in comparison with the major agricultural crops in Europe.

While the human health impacts of cereals have been
extensively studied (e.g., gluten-related disorders), there is a
growing global interest in understanding the environmental
impacts of the producing and processing of grain products as a
result. In addition, there is a growing need to understand the full life
cycle impacts of products, particularly in terms of GHG emissions.
As this applies to, for example, to scope 3 emissions reporting,
suppliers and ingredient manufacturers increasingly need this data
for customers downstream of them in the supply chain. The
sustainability of agricultural production systems therefore needs
to be assessed in order to predict the environmental impacts
associated with production processes and product performance (in
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volume and per area). Despite some publications on the impact of
perennial grain on ecosystem services and biodiversity (Crews and
Rumsey, 2017; Rasche et al., 2017; Ryan et al., 2018), there is little
research and published information on the environmental impacts
of IWG compared to other grain production (e.g., Forster et al.,
2023; Jungers et al., 2019; Sprunger et al., 2019). This leaves a gap in
the assessment of IWG production and potential uses.

Life cycle assessment (LCA) is recognized as a powerful
tool for quantifying and analyzing the potential environmental
impacts of crop production by accounting for and assessing
resource consumption and emissions (Meier et al., 2015). This is
a commonly a useful method to identify and assess the potential
environmental impacts of a product or service throughout its entire
life cycle (Guinée et al., 2002; Klopffer and Grahl, 2014).

Agricultural production systems are highly variable due to
their dependence on agricultural practices (e.g., crop rotation,
crop management) and farm site features such as soil type, water
and nutrient availability, and climate (Fedele et al., 2014). The
site-specific and climatic conditions can have a significant impact
on crop performance, but also on LCA results. Furthermore,
production systems are very diverse due to the numerous
management decisions and the variety of agricultural practices
(Fedele et al., 2014; Nemecek et al., 2012).

This study estimates the cradle-to-farm gate environmental
impacts of IWG vs. annual crops in southeast France (wheat, corn,
rapeseed, soya). Our analysis specifically examines: (i) how IWG’s
perennial growth habit influences environmental impacts relative
to annual crop rotations, (ii) the effects of organic vs. conventional
management practices, and (ili) year-to-year variability in
environmental performance. By identifying key impact hotspots
and improvement opportunities, this work provides critical
insights for farmers and policymakers considering the integration
of perennial grains into European agricultural systems.

2 Materials and methods

2.1 Experimental sites and cropping system
description

The study was conducted to assess the impact of intermediate
wheatgrass (IWG) compared to annual cash crops under
conventional and organic farming systems in south-eastern France
(Figure 1). The climatic and soil conditions in this region are
favorable for grain and fodder production. The climate is a
transition between the Central European and Mediterranean
climates, with an average annual temperature of 12°C. Rainfall is
mainly concentrated in autumn and spring, while there is a regular
lack of water in summer, which may be compensated by irrigation.
The average annual rainfall in the area is variable, depending on the
location and the year, and ranges from 780 to 1,150 mm. The topsoil
texture for arable crops ranged from sandy loam (with irrigation) to
clay soils (Table 1). The climatic and soil conditions could affect the
crop performance per year or per site.

The selection of farmers is more representative of the
agricultural diversity and performance in terms of grain production
and farming systems of the south-east of France. Consequently, this
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FIGURE 1

Representation of the study area in South East of France (Rhone Alpes region). ORG is organic grain. CON is conventional grain.

v Buriny (4143)

research was carried out on 6 farms, 3 organic (farms 1, 2 and 3) and
3 conventional (farms 4, 5 and 6). The sample includes 3 livestock
farms (farm 3 with organic poultry, farms 4 and 5 with conventional
beef cattle) and 3 arable farms (farms 1 and 2 in organic and farm
6 in conventional) (Table 1). These farms have been testing IWG
for 3 years in comparison with conventional annual crop rotation
(Table 2). The grain yields were quite different between annual
crops (Table 2) and IWG (Table 3).

A large majority of farmers (Farms 1, 3, 4, 5, and 6) considered
IWG for grain production. However, Farm 2 produced IWG for
forage crop (Table 3). A comparison of two reference fields IWG
vs. annual crop sequence) allowed us to obtain data per year and
over 3 years. Individual data on agricultural practices were obtained
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from interviews with farmers and registered data from the CERPET
research program.

The analysis was performed using data collected over a 3-year
period, spanning the 2018-19 to 2021-22 growing seasons.

The observed data from the six farms showed differences in
the crop rotation, inputs and crop management. In particular,
the most relevant differences were observed between organic
and conventional farms. For example, organic fertilization
and mechanical weeding were used by organic farms (ORG),
whereas conventional farms (CON) regularly used mineral
fertilizers and synthetic herbicides and fungicides. The cultivation
and yield performance were determined by (i) the type of
crop and crop management and (ii) agricultural practices,
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TABLE 1 Main characteristics of the farm.

10.3389/fsufs.2025.1569398

Farm 1 2 3 4 5 ()
Production mode ORG ORG ORG CON CON CON
Size (ha) 140 165 100 196 180 139
Livestock (LU.ha™!) No No Poultry Meat cows Meat cows No
(0.11) (0.52) (0.44)
Location Saint Marcel Bel Saint Sauveur Bouvesse Quirieu Maubec Colombe Chozeau
Accueil Gouvernet
GPS coordinates 45.6531 44.3330 45.7888 45.5706 45.3952 45.4250
(longitude/latitude) 5.2440 5.3237 5.4290 5.26390 5.4341 5.1251
Irrigation Yes No Yes No No Yes
Average Temperature (°C) 124 12.6 11.9 124 11.5 12.8
Annual rainfall (mm) 844 783 1,117 844 915 862
Soil characteristics Sandy Loam Clay Loam Sandy Loam Loam Loam
ORG, organic grain; CON, conventional grain.
TABLE 2 Crop rotation used in the study.
Farm 1 2 3 4 ) 6
Production mode ORG ORG ORG CON CON CON
Size (ha) 140 165 100 196 180 139
Crop year 1 Wheat Alfalfa Wheat Wheat Wheat Wheat
GY in t.ha™! 6.2 15 3.2 7.5 5 5.8
Crop year 2 Soya Alfalfa Soya Barley Rapeseed Rapeseed
GY in tha™! 3.5 3 3.5 7 5 4.2
Crop year 3 Corn Alfalfa Barley Rapeseed Sunflower Wheat
GY in t.ha™! 9.3 3 3.5 2.8 3.5 5.9
ORG, organic grain; CON, conventional grain. *GY grain yield in dry matter.
TABLE 3 IWG performance in tons of dry matter per ha.
Farm 1 2 3 4 ) 6
Production mode ORG ORG ORG CON CON CON
IWG Date of sowing 2018/09/13 2020/10/08 2019/09/10 2017/09/05 2020/10/20 2017/09/20
Crop yield year 1 0.34 0.67 0.15 0.70 0.80 0.57
in tha™!
Crop yield year 2 0.46 0.58 0.67 0.22 0.90 0.54
intha™!
Crop yield year 3 0.28 0.24 0.45 0.13 0.84 0.54
in tha™!

IWG, Intermediate Wheatgrass; ORG, organic grain; CON, conventional grain.

with a high diversity of cash crops and more homogeneity
in IWG.

2.2 Life cycle assessment

2.2.1 Goal and scope definition

An attributional LCA from cradle to farm gate following
ISO 14040/44 was conducted, focusing on static comparisons.
The main objective of this study was to assess and compare
the environmental impacts of IWG cultivation over a 3-year
period with a conventional crop rotation with cereal for human
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consumption (e.g., wheat, barley) and animal feed (corn, rapeseed,
soya, and sunflower). As the crops under consideration are
complementary, a comparative assessment was carried out to
determine which of them would have the highest and which
the lowest contribution to environmental impact. The analysis
encompasses all processes from resource extraction (“cradle”
through farm gate, including:

Agricultural inputs (fertilizers, pesticides, seeds).
Field operations (tillage, planting, harvest).
Direct field emissions.

Machinery use and fuel consumption.
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Impact assessment procedures, including aggregation,
normalization and weighting have been implemented using
Simapro software v7.3 by Pré Consultants for the “land use” and
“resource consumption” dimensions. This approach ensures a
holistic and interpretable analysis of complex impact categories
that are particularly important in agricultural LCAs. Simapro
is a widely recognized LCA software used in both academic
and industrial settings, compliant with ISO 14040/44 standards.
Its build-in methods allow for transparent, standardized and
reproducible processing. In the context of comparing perennial
(intermediate wheatgrass) and annual cropping systems, land
use and resource consumption are particularly sensitive and
policy-relevant dimensions.

The assessment employs two functional units (FU):

1. Mass-based Functional unit: One ton of dry grain (primary unit
for product-level comparison).

2. Area-based Functional unit: One hectare of cropland (secondary
unit for land-use efficiency evaluation).

These functional units are widely accepted in LCA of cropping
systems. This dual approach is used to provide a comprehensive
and balanced environmental evaluation of the crop production
systems, as recommended in the LCA of agricultural products
(ISO 14040, 2006; Nemecek et al,, 2011). The mass-based FU
expresses environmental impacts relative to the amount of product
delivered, which is essential when the primary function of the
system is to provide food or biomass. It allows for comparison of
efficiency between systems in term of resource use and emissions
per unit of outputs. The area-based FU reflects the land based
environmental burden to understand land-use efficiency and
ecosystems impacts on a per-area basis. This FU is important
for assessing soil health, biodiversity and landscape-level impacts
which are especially significant when considering long-term
perennial systems.

Five environmental impact categories were selected in this
study based on their established relevance to agricultural LCAs
(Meier et al., 2015; Nemecek et al.,, 2012), and their endorsement
in recognized LCA guidelines and methodologies as International
Life Cycle Data System used in Europe. Global Warming Potential
(GWP in kg CO; eq) is a core impact category to estimate
greenhouse gas emissions from agricultural practices; Ozone
Depletion (OD in kg CGC-11* eq) may arise indirectly through
the supply chains of agricultural inputs, OD is a baseline category
to capture broader atmospheric impacts for system comparisons;
Freshwater Eutrophication (FE in kg PO4 eq) is relevant for
agriculture due to nutrient runoff, which leads to eutrophication
in freshwater bodies, FE is crucial in comparing perennial vs.
annual systems, as root systems and nutrient retention can differ
significantly; Terrestrial Acidification (AC in SO, eq) is primarily
associated with ammonia and nitrogen oxide emissions from
fertilizer use, acidification impacts are key for understanding soil
and ecosystem health in agricultural contexts; and Freshwater
Ecotoxicity (FEC in g 1,4-DB eq) reflects the toxic effects of
pesticides or other chemicals on freshwater ecosystems. Since
chemical use varies greatly between organic and conventional and
perennial vs. annual systems, FE provides critical insight into
ecological consequences.
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These five impact categories are suitable for agricultural
LCAs comparing perennial vs. annual crops under organic and
conventional management. The two functional units allow different
crops (IWG vs. annual cash crops) or farming system (e.g.,
organic vs. conventional) to be ranked according to their overall
environmental performance.

The system boundary follows a cradle-to-farm gate approach,
starting with soil preparation and terminating at the point
of harvested grain. Post-harvest processing, distribution, and
consumption phases were excluded, as the focus was on
agricultural production impacts. A detailed flowchart of these
system boundaries is provided in Figure 2. This study employs
distinct foreground and background system boundaries to ensure
transparent accounting of all life cycle inputs and emissions.
Primary foreground data related to all on-farm operations (tillage,
planting, fertilization, pest control, irrigation, harvesting grain
and straw, direct fuel and energy consumption during field
operations, farm-specific input application rates and timing, crop
yield measurements) were collected through detailed farm surveys
and field monitoring across all six study sites in southeastern
France (three organic, three conventional, 2018-2022 growing
seasons). LCA inventory is described in the Figure2. The
secondary background data (production and transportation of all
agricultural inputs e.g., fertilizers, pesticides, seeds; manufacturing
and maintenance of farm machinery; energy production and
distribution) were obtained from the Agribalyse 3.1.1 database for
regionally-specific agricultural inputs and the Ecoinvent database
for other processes. The primary distinctions between organic and
conventional management systems lie in pest control strategies
(from 1 to 4 operations per crop) and nutrient inputs, with
organic systems relying on non-synthetic approaches, whereas
conventional systems utilize synthetic pesticides and fertilizers.
It is important to note that the termination method in this
study was limited to soil tillage, regardless of management system
except for farmer 4 before seed rape with Glyphosate application.
As a result, potential differences in emissions associated with
chemical vs. mechanical practices were assessed on each farm and
crop sequence.

In this study, environmental burdens were allocated using a
partitioned approach based on the harvest index (Table 4), which
divides impacts between grain (15%) and straw (85%) for IWG
for example, following standard agricultural LCA practice. While
the harvest index (HI) is indeed a mass-based ratio representing
the proportion of grain relative to total above-ground biomass,
we used it as a proxy to estimate the relative proportions of grain
and straw for each crop, which were then allocated based on their
respective economic values. In other words, the HI was used to
estimate the quantities of co-products, while the final allocation
was carried out using economic values in accordance with ISO
14044 recommendations. However, we acknowledge two important
limitations regarding IWG’s multifunctionality: (i) the current
analysis does not account for IWG’s additional ecosystem services
(e.g., erosion control, nutrient retention) due to quantification
challenges, and (ii) the fodder potential of IWG straw was
excluded from system expansion to maintain consistency with the
treatment of annual crop residues. This conservative approach
was adopted because: (i) the study focuses on grain production as
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Excluded: post-harvest processing,
ecosystem services, Labor/Farm

« Seed production (including
transport)

« Fertilizer production
(organic/conventional)

Soil preparation (tillage)

* Pesticide production
(conventional only)

infrastructure - e
Background System ? Forground System (Farm operations) \\}
(Upstream Processes) \,“
INPUTS ( Véari \ OUTPUTS

Establishment

* Emissions to air and water
Waste

Sowing (seed planting) .

* Cereal grains

* Farm machine Yers2:3
i Production
* Energy production (Diesel, * Straw
electricity)
INPUTS . v ! | OUTPUTS
\ Crop maintenance Harvesting (grain, straw) /
L (weeding, irrigation)
NG i =
FIGURE 2

System boundary and LCA framework for perennial vs. annual crop production.

the primary functional output, (ii) reliable allocation factors for
ecosystem services in perennial systems are not yet established in
LCA databases, and (iii) including these benefits would require
consequential modeling beyond our attributional framework.

2.2.2 Life cycle inventory

The inventory analysis included all resources used and
environmental emissions for each phase of crop cultivation phase,
starting from field preparation to the harvest. The cultivation
phase consists of three sub-phases: field preparation including
sowing, crop growth including fertilization, herbicides, and/or
fungicides application and harvest. The inventory data for direct
agricultural inputs were obtained through questionnaires and data
recording completed by the farmers. The farmer interviews require
information per field operation on type of equipment used, time
(hour.ha™!), energy inputs such as diesel, fertilizers, pesticide,
water use within the cropping season. Information was collected
over three consecutive cropping seasons on two reference fields per
farmer, 3 years of IWG compared to a conventional crop rotation
(Table 2).

Secondary data regarding on the production of the different
agricultural inputs, such as mineral fertilizers and pesticides were
taken from the Ecoinvent database of the SimaPro software and the
Agribalyse 3.1.1 database (Ademe database, 2022).

Inputs and outputs related to cropping activity were divided
into 4 different factors in order to investigate the specific
contribution of each:

- Use of crop growth inputs including fertilizers and pesticides
(UCG): This category considers the direct impact of fertilizer and
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pesticide use in the field. The application of fertilizers differed.
Due to their organic source, N-based fertilizers applied in ORG
can be assumed to be more stable than those applied in CON. In
fact, the N fertilizers used in CON have a synthetic source with a
faster degradation rate and a higher risk of environmental losses.
The use of synthetic herbicides, fungicides and nematicides in
CON has a direct impact on emissions, whereas biocontrol
products were rarely used in ORG,

- Crop growth inputs Manufacturing (CGM): This factor takes into
account the impacts generated by the production of fertilizers
and pesticides,

- Mechanical Practices (MP): This factor included the use of
machinery for soil preparation and sowing, crop growth
(fertilization, plant protection, irrigation) and harvesting. For
each mechanical operation, tractor type and power, time and
fuel consumption were taken into account, Others including the
production of seeds and potential use of irrigation.

2.3 Effect of yield improvement on
environmental impact of IWG

A domestication program to improve the grain yield of IWG
has been relaunched in the early 2000 at the Land Institute (DelHaan
et al, 2018). Recently, the use of new breeding technologies as
genome sequencing and selection have accelerated domestication
program with grain improvement (Crain et al, 2020; DeHaan
etal, 2020). Although the improvement in yields remained limited
compared to those obtained with annual wheat, the increasing
yield could affect the environmental impact of IWG per ton. A
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TABLE 4 Harvest index from the study.

Harvest index%

Grain Straw
IWG 15 85
Wheat 50 50
Barley 50 50
Corn 50 50
Soya 40 60
Rapeseed 25 75
Sunflower 40 60

new experiment has been set up on September 2022 to compare
previous results obtained with Cycle 3 with new generations Cycle
5, establish in 2014, and Cycle 8, establish in 2018 (Table 5).
These generations were tested on two plots of Farm 1 during two
successive years in 2023 and 2024. Soil and climatic conditions are
quite similar than the previous experiment set up on September
2018 with TLI C3 (Table 1).

3 Results

The field data show a significant difference among cropping
sequence, IWG vs. annual cash crops. For example, grain yield
ranged from 0.15 T.ha~! to 0.90 T.ha—! with IWG, while annual
crops ranged from 2.8 T.ha™! (rapeseed) to 9.3 T.ha~! (corn). The
wide yield variability observed in IWG is also reflected in its yield
components, with spike density ranging from 160 to 470 spikes
per m” and grain weight per plant (GWP) fluctuating between 6.1
and 7.7 g per 1,000 seeds. The yield performance of IWG declined
progressively from the first to the third year, with no statistically
significant differences observed between organic and conventional
management systems.

3.1 Comparative analysis of crops in
rotation

3.1.1 Global environmental analysis

Table 6 shows the environmental impacts per impact category
of the different crops on the basis of two functional units (per
hectare and per ton). Intermediate wheatgrass (IWG) has the
best environmental performance per hectare with a significant
difference with annual crops for GWP, OD, FE, AC and FEC
categories. IWG achieves a similar result with Alfalfa per ha due
to its perennial nature and lower input requirements.

In contrast, IWG performs worse per ton due to its relatively
low grain yield with consequence for GWP, OD, FE and FEC
categories. The differences between the crops with the best and
the worst environmental profile were substantial depending on the
category. Corn was the cereal crop with the worst environmental
results per hectare in almost all the categories. These results were
mainly due to the higher requirements of fertilizers and herbicides
or mechanical weeding.

Frontiersin Sustainable Food Systems

10.3389/fsufs.2025.1569398

TABLE 5 Experiment on Farm 1 testing TLI cycle generation.

TLI Cycle generation TLIC3 TLI C5 TLI C8
Date of sowing 2018/09/13 2022/09/16 2022/09/16
Grain yield year 1 in tha™! 0.34 1.26 1.36
Grain yield year 2 in tha™! 0.46 0.32 0.67
Grain yield year 3 in t.ha™! 0.28

TLI, The Land Institute.

3.1.2 Environmental analysis per agricultural
system

This section presents and discusses in detail the results obtained
in relation to the environmental impacts associated with the
different agricultural systems. The agricultural systems used per
crop over the life cycle are grouped into 4 contributing factors. Use
of Crop Growth (UCG) inputs represents the direct emissions to
air coming from the application of fertilizers, organic or mineral,
and pesticides to the soil and plant during the cultivation of
the different crops. Crop growth inputs Manufacturing (CGM)
considers the impacts generated by the manufacturing processes
of fertilizers and pesticide. Mechanical Practices (MP) are directly
related to the use of diesel and energy for agricultural operations,
including soil preparation, sowing, crop growth (fertilization, plant
protection, irrigation) and harvesting. Tractor type and power,
as well as time and fuel consumption were considered for each
mechanical operation. Others included all emissions derived from
seed production and use of irrigation considered within the
system boundaries.

Tables 7-9 report the relative contribution of technological
processes in crop production to the impact category indicators.
Table 10 shows the results on global warming potential, ozone
depletion, freshwater eutrophication, terrestrial acidification, and
freshwater ecotoxicity.

Figure 3 shows the contributing factors over the life cycle of
each crop on the global warming potential produced per hectare.
The respective contribution (in %) of the different inputs (UGC,
CGM, MP and others) are quite similar per ha and ton (data
not shown). Mechanical practices in agriculture, including soil
preparation, sowing, weed control and fertilization, with organic or
conventional methods, have a strong impact on Global Warming
Potential and Ozone Depletion (from 62% to 76%, Table 7). Field
emissions, which include the impact of direct emissions to air
coming from the application of fertilizers and herbicides, have a
strong impact on freshwater eutrophication and acidification and
a minor impact on freshwater ecotoxicity (from 69% for IWG
to 88% for annual crops, Tables 8, 9). The environmental impact
of pesticide and synthetic fertilizer manufacturing processes is
limited (<15% for all crops), except for freshwater ecotoxicity
(from 18% to 42% in Table 10). Others figures shown in
Supplementary material 2 are the impact contributions for each
crop (rate and value).

Finally, IWG had a significantly better environmental profile
per ha due to limited soil preparation, only year 1, and low use
of fertilizers and pesticides (Tables 6-9). Perennial crops like IWG
and alfalfa had the lowest environmental impact per hectare due
to their perennial nature. Conversely, corn, wheat and rapeseed
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TABLE 6 Impact category indicators of IWG vs. annual and perennial crops per functional units (average of 6 farms on 3 years).

Impact Wheat Barley Corn Sunflower Soya Rapeseed Alfalfa
category . .
indicators Functional unit

lha 1t 1ha 1t 1ha 1t 1ha 1t 1ha 1t 1ha 1t 1ha 1t
GWPig9, kg 682 | 1,798 | 1905 | 361 | 1699 | 381 | 3,012 | 316 874 495 | 1,449 | 412 | 1477 | 318 515 307
COseq
OD, kg 0,01 0,03 005 | 001 | 004 | 001 | 007 | 001 | 005 0,01 004 | 001 005 0,01 0,00 | 0,00
CGC-11¢
FE, kg POseq 941 | 2396 | 42,85 | 833 | 2985 | 776 | 71,05 | 7,46 | 4520 | 1291 | 23,10 | 657 | 2910 | 7,79 0,00 | 0,00
AC, SOzeq 6,64 | 1273 | 50,11 | 846 | 31,53 | 652 | 4975 | 522 | 47,50 | 13,57 | 20,10 | 572 | 2922 | 376 0,00 | 0,00
FEC, 523 | 13,07 | 4232 | 656 | 2496 | 512 | 514 | 539 | 2560 | 731 | 1911 | 544 | 41,85 | 1094 | 000 | 0,14
g1.4-DB¢q

IWG, Intermediate Wheatgrass; GWP, global warming potential; OD, ozone depletion; FE, freshwater eutrophication; AC, acidification potential; FEC, freshwater ecotoxicity.

have the worst environmental profile per hectare, especially in
terms of global warming potential and field emissions affecting
eutrophication and acidification.

IWG results show higher contribution of mechanical practices
than cash crops with 70% for GWP and OD and 20% for FE, AC
and FEC due to low fertilizers use over the 3 yr. The IWG values
per hectare are significantly low compared to annual crops (see
Section 3.1.1).

3.2 Comparative analysis of crop
management

3.2.1 Global analysis on impact category
indicators

Field data show a significant difference in grain yield between
organic and conventional methods. For example, with IWG,
organic grain yield ranged from 0.15T.ha™! to 0.67 T.ha~! with
a mean of 0.43 T.ha~!. Then, the conventional grain yield ranged
from 0.13 T-ha™! to 0.9 T.ha™! with a mean of 0.58 T.ha~!. For
annual crops, average grain yield for organic was 4.1 T.ha™! and
for conventional 5.2 T.ha~!, including different crops in the crop
rotation. Corn and soya only in organic vs. rapeseed and sunflower
in conventional.

Table 10 shows the effect of crop management (Organic vs.
Conventional) on impact category indicators of IWG, Wheat,
Barley and Annual Cereals per hectare and per ton. According to
the results, conventional management shows higher environmental
impacts than organic per hectare on IWG in each category due
to the incidence of regular use of mineral fertilizer and pesticide.
Conversely, organic management leads to higher GWP and FE with
IWG per ton due to regular mechanical weeding which increases
fuel consumption, and organic manure applied before sowing.
These results are influenced by low grain yield.

The data show variable results between organic and
conventional management for annual crops. The data for the
different cereals tested (wheat, barley, sunflower, soya, corn and
rapeseed) show large differences (Table 6). Only organic corn and
soya have a negative impact on GWP. The regular use of pesticides
and mineral fertilizers in conventional rapeseed, sunflower and
wheat, could affect GWP and FE.
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Conventional management shows higher environmental
impacts than organic per ton on cereals in GWP and FEC, but with
lower impacts in FE and AC—incidence of mineral fertilization
and pesticides vs. organic fertilizer and mechanical weeding in
GWP and FEC and higher use of P205 in organic crops.

3.2.2 Comparative analysis of IWG per year

Table 11 shows the effect of crop management (organic vs.
conventional) on the impact category indicators of IWG per
cropping season, years 1 to 3 per hectare and per ton.

Intermediate wheatgrass (IWG) shows a slow reduction of
grain yield with 0,53 T.ha™! in year 1 and 0,56 T.ha™! in year
2, and 0,41 T.ha™! in year 3. The results show a significant
difference on environmental performance per hectare and per ton
between establishment year inducing soil preparation, sowing and
fertilization and the following years with limited practices except
for weed control and/or mulching.

According to the results, establishment year of IWG shows high
environmental impacts per volume but also per hectare on GWP,
FE, AC, and FEC with lower impacts in years 2 and 3. Organic
management induces higher environmental impacts per volume in
the establishment year when the organic yield is much lower (0,38
vs. 0,69 T.ha™!). Conversely, conventional management induces
higher environmental impacts in years 2 and 3 even when organic
grain yields are still (0,45 vs. 0,53 T.ha™! based on the average of
years 2 and 3).

3.3 Effect of yield improvement of TLI cycle
generation of IWG on environmental
impacts

Table 12 shows the incidence of yield improvement of three
TLI generations on the impact category indicators of IWG per
hectare and per ton compared to annual wheat (results obtained
on Farm 1).

The result shows a significant improvement in grain yield
per cycle generation in the establishment year, but also with
a slight difference in year 2. This grain improvement strongly
limits the environmental impact per ton in all the categories from
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TABLE 7 Relative contribution of technological processes in crop production to the Global warming potential and ozone depletion (average for the 6
farms on 3 years).

Impact kg CO03¢q/ha Crop Growth Crop inputs Mechanical Others (in %)
category inputs Manufacturing practices
(UCG in %) (CGM in%) (MP in %)
Global Warming IWG 682,37 13 12 72 3
Potential
Wheat 1,905,91 15 14 67 3
Barley 1,699,67 14 15 68 3
Corn 3,012,00 13 15 69 3
Sunflower 873,91 12 10 76 2
Soya 1,448,62 15 15 67 3
Rapeseed 1,477,00 16 13 68 4
Alfalfa 515,00 5 0 92 3
kg Crop Growth Crop inputs Mechanical Others (in %)
CGCjreq/ha inputs Manufacturing practices
(UCG in %) (CGM in%) (MP in %)
Ozone Depletion IWG 0,01 13 12 73 3
Wheat 0,05 15 14 69 2
Barley 0,04 14 14 70 2
Corn 0,07 14 16 69 1
Sunflower 0,05 16 14 68 3
Soya 0,04 16 16 68 1
Rapeseed 0,05 14 13 71 1
Alfalfa 0,00 2 0 90 8

IWG, Intermediate Wheatgrass.

TABLE 8 Relative contribution of technological processes in crop production to the freshwater eutrophication and terrestrial acidification (average for
the 6 farms on 3 years).

Impact kg POgeq/ha Crop Growth Crop inputs Mechanical Others (in %)
category inputs Manufacturing practices
(UCGin %) (CGM in%) (MP in %)
Freshwater IWG 9,41 9 69 20 2
eutrophication
Wheat 42,85 5 85 7 3
Barley 29,85 6 84 4 6
Corn 71,05 5 84 8 3
Sunflower 45,20 3 86 9 2
Soya 23,10 7 86 6 2
Rapeseed 29,10 6 85 6 3
Alfalfa 0,00 18 0 79 3
kg SOj¢q/ha Crop Growth Crop inputs Mechanical Others (in %)
q
inputs Manufacturing practices
(UCGin %) (CGM in%) (MP in %)
Terrestrial IWG 6,64 8 70 18 5
acidification
Wheat 50,11 6 85 6 3
Barley 31,53 6 82 4 8
Corn 49,75 5 88 8 1
Sunflower 47,50 3 87 9 1
Soya 20,10 7 88 6 1
Rapeseed 29,22 6 85 6 4
Alfalfa 0,00 15 0 75 10

IWG, Intermediate Wheatgrass.
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TABLE 9 Relative contribution of technological processes in crop production to freshwater ecotoxicity (average for the farms on 3 years).

Impact Crops kg Crop Growth Crop inputs Mechanical Others (in %)
category 1,4DB¢q/ha inputs Manufacturing practices
(UCGin %) (CGM in%) (MP in %)
Freshwater WG 5,23 34 42 22 2
ecotoxicity
Wheat 42,32 40 50 9 2
Barley 24,96 34 52 13 2
Corn 51,40 37 48 13 2
Sunflower 25,60 29 49 17 5
Soya 19,11 38 53 7 3
Rapeseed 41,85 42 48 5 5
Alfalfa 0,22 18 2 78 2

IWG, Intermediate Wheatgrass.

TABLE 10 Effect of crop management on Impact category indicators of IWG, Wheat, Barley, and All annual cereals per ha and per ton (average of 6 farms

on 3 years).

IWG
CONV

Impact category indicators

ORG

Wheat
ORG

Annual cereals
ORG CONV

Barley

CONV ORG CONV

Per hectare

GWP/g0, kg COs¢q 590 783 1,822 1,948 1,936 1,463 2,055 1,604
OD, kg CGC-11¢q 0,01 0,02 0,00 0,00 0,04 0,00 0,00 0,00
FE, kg PO4¢q 7,98 10,03 53 38 48,90 11 49 31
AC, SOsq 3,78 9,36 53 59 45,60 17 42 36
FEC, g1.4-DB¢q 3,61 6,67 22 53 21,70 28 29 37
Per ton

GWPjq0, kg COseq 2,134 1,244 426 329 1,936 209 773 1,043
OD, kg CGC-11¢q 0,01 0,03 0,01 0,01 0,05 0,01 0,02 0,02
FE, kg PO4,q 29,13 18,80 12,42 6,29 48,90 1,54 18,84 13,46
AC, SOsq 6,64 12,18 12,47 6,46 45,60 0,01 17,25 6,20
FEC, g1.4-DB¢q 12,78 13,36 521 7,24 21,70 4,03 9,44 12,31

IWG, Intermediate Wheatgrass; GWP, global warming potential; OD, ozone depletion; FE, freshwater eutrophication; AC, acidification potential; FEC, freshwater ecotoxicity.

63% to 75%. It is important to highlight that a limited grain
improvement, reaching <20% of the annual grain yield—1.3 t ha=!
for TWG vs. 6.2tha™! for wheat, has a remarkable effect on
the environmental impact of IWG. The environmental impact
of IWG Cycle 8 on ozone depletion, acidification and water
ecotoxicity is quite similar to the results obtained with annual
wheat. Conversely, the impact of IWG on global warming
potential and eutrophication is still slightly higher than for
annual crops.

4 Discussion

4.1 Impact of the functional units
This study employed two complementary functional units to

evaluate environmental impacts from different perspectives: (1)
1 ton of grain (dry basis) to assess production efficiency, and

Frontiersin Sustainable Food Systems

10

(2) 1 hectare of cropland to evaluate land-use efficiency. The
primary function of the studied systems is grain production for
human consumption, with the ton-based unit serving as the
principal reference for product-level comparisons. The hectare-
based unit provides additional insight into spatial resource use
efficiency, particularly relevant for assessing perennial systems
like IWG that deliver ecosystem services beyond grain yield.
While financial metrics could theoretically offer another dimension
for comparison (Nemecek et al., 2011), they were intentionally
excluded from this analysis because: (i) market prices for
IWG grain remain unstable and regionally variable, (ii) the
study focuses on biophysical rather than economic assessment,
and (iii) economic valuation of ecosystem services would
require additional methodological frameworks beyond standard
LCA. The consistent patterns observed across both functional
units (lower impacts per hectare but higher impacts per
ton for IWG) strengthen the robustness of our conclusions,
though we emphasize that the ton-based results are most
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Global Warming Potential per hectare
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FIGURE 3
Impact contributions to Global Warming Potential for each crop (average of 6 farms over 3 years).

TABLE 11 Effect of crop management on Impact category indicators of three succeeding years of IWG per hectare and per ton (average of 6 farms on 3
succeeding years).

Impact category indicators IWG Yr 1 IWG Yr 2 IWG Yr 3 IWG Mean

Crop management
ORG CONV ORG CONV ORG CONV ORG CONV

Per hectare

GWPjg0, kg COz¢q 1,474 1,712 168 319 128 319 590 783

OD, kg CGC-11¢q 0,05 0,04 0,00 0,00 0,02 0,01 0,0 0,02
FE, kg PO4,q 11,95 10,35 4,79 11,34 7,21 8,41 7,98 10,03
AC, SOzeq 5,41 10,95 2,78 8,57 3,16 8,57 3,78 9,36

FEC, g1.4-DB,q 5,35 9,65 2,47 5,13 3,02 5,22 3,61 6,67

Per ton

GWP)g0, kg COz¢q 5,772 2,193 246 1,062 386 477 2,134 1,244
OD, kg CGC-11¢q 0,02 0,05 0,00 0,00 0,00 0,02 0,01 0,03

FE, kg PO4¢q 53,32 15,68 13,11 20,49 20,97 20,21 29,13 18,80
AC, SOzeq 25,28 11,94 5,61 12,29 8,95 12,30 13,28 12,18
FEC, g1.4-DB,q 24,31 14,69 5,42 11,00 8,62 14,38 12,78 13,36

IWG, Intermediate Wheatgrass; GWP, global warming potential; OD, ozone depletion; FE, freshwater eutrophication; AC, acidification potential; FEC, freshwater ecotoxicity.

directly comparable to conventional LCA studies of grain  (year 1) and production years (years 2-3), our analysis treats
production systems. these as discrete phases rather than amortizing the impacts

over a full perennial life (typically 5-7 years). This approach

reflects conventional LCA practice for annual crop rotations,
4.2 Impact of the crop rotation where the impacts of each year are considered independently.
However, we recognize three critical temporal considerations
that warrant discussion: (1) The high initial impacts of IWG
establishment (soil preparation, seeding) would be proportionally
lower if spread over its potential 5-year productive life (e.g., year
1 GWP of 1,474kg CO3-eq/ha would be reduced to ~295kg
CO;-eq/ha/year over 5 years); (2) annual crop rotations also
incur recurring establishment impacts each year that are not

Crop rotation composition influences not only crop
performance, but also N management, mechanization and
pesticide use, which affect environmental performance. The
environmental impact of crop rotations must be interpreted within
the time frame of the study period (3 years in this study). While
perennial IWG systems have distinct impacts during establishment
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TABLE 12 Effect of TLI cycle generation of IWG on impact category indicators per hectare and ton (experiment on farm 1- data collected from 2018 to

2024).
Impact category Difference
indicators per between TLI
hectare and ton C8/C3in ton

Rate

GWPi9, kg COseq 916 2,647 916 864 916 718 —73% 1,878 361
OD, kg CGC-11¢q 0,02 0,04 0,02 0,01 0,02 0,01 —75% 0,04 0,01
FE, kg PO4¢q 15,90 42,50 15,90 25,21 15,90 15,78 —63% 56,40 8,33
AC, SO5eq 6,30 16,91 6,30 9,78 6,30 6,18 —63% 54,25 8,46
FEC, g1.4-DBy 6,70 18,03 6,70 10,27 6,70 6,54 —64% 21,14 6,56

IWG, Intermediate Wheatgrass; GWP, global warming potential; OD, ozone depletion; FE, freshwater eutrophication; AC, acidification potential; FEC, freshwater ecotoxicity.

amortized in our analysis; and (3) the 3-year assessment window
may not capture long-term benefits of perennials such as soil
carbon accumulation. While dynamic LCA approaches may better
account for these temporal effects, our attribution framework
intentionally assessed comparable time periods (3-year rotation
vs. 3-year IWG stand) to maintain methodological consistency.
Future studies should consider (i) longer evaluation periods
that capture the full perennial life cycle, and (ii) dynamic
attribution methods that distribute impacts across multiple years
of productivity.

4.3 Impact of the crop management

When environmental

organically produced wheat and barley have higher environmental

using  mass-based performance,
impacts than conventional ones in all categories. This better
partly explained
by yield differences (4.3tha™! in organic vs. 62tha™! in

performance of conventional cereal is
conventional). These results confirmed previous investigations
by Verdi et al. (2022) on ancient wheat varieties. Conventional
farming showed the worst performance, primarily due to the
production and consumption of non-renewable resources.
However, the lower yields observed in organic systems
negatively impacted the mass-based environmental performance,
highlighting a trade-off between resource use efficiency and
yield. This suggests that while organic practices may offer
environmental benefits in terms of input sustainability, their lower
productivity can offset these advantages when assessed per unit
of product.

According IWG, these results are different for OD, AC,
and FEC, where organic management give better environmental
performance. The absence of pesticides and mineral fertilization in
organic conditions with a slight difference between Organic IWG
performance (0.43tha™!') and Conventional IWG (0.58 tha™")
explains these results.

When using 1 hectare as a functional unit, organic IWG is
more environmentally-friendly than conventional in all impact
categories due to the limited use of mechanical practices and
inputs. Results are more sensitive on annual cash crops with higher
environmental impact with organic methods. These results are

mainly explained by the use of manure and organic fertilizer,

Frontiersin Sustainable Food Systems

especially for wheat and corn in particular. In addition, regular
mechanical weed control in spring crops (e.g., soya and corn)
resulted in higher fuel consumption per hectare.

4.4 IWG has a low environmental impact
per land occupation, hosting ecosystem
services

According to the environmental results per land occupation,
IWG has the best environmental profile, with the lowest burdens
in all the impact categories. These results confirm the benefits
of IWG in providing ecosystem services. Research has shown
that IWG can significantly reduce soil nitrate leaching compared
to annual cropping systems (Culman et al., 2013; Jungers et al,
2019). Continuous root presence improves carbon input and
reduces losses. For instance, Glover et al. (2010) showed that
IWG has deeper and denser root systems than wheat, enhancing
belowground carbon storage. Sprunger et al. (2019) and Culman
et al. (2013) also reported greater below ground carbon storage
in the root zone compared to annual grain systems. Paustian
et al. (2016) emphasize that minimizing tillage is one of the most
effective practices to maintain or increase soil organic carbon
(SOC). Jungers et al. (2019) report that long-term IWG cultivation
under reduced tillage maintains or enhances SOC, particularly in
surface soils. Carbon stocks, soil and water conservation are key
elements provided by IWG. Although carbon stocks were higher
in the rooting zone of intermediate wheatgrass, the available data
are insufficient to draw definitive conclusions about its long-term
carbon sequestration potential.

Therefore, IWG has the potential to provide both food, for
human consumption and animal feed, and ecosystem services
throughout the crop cycles. However, its grain yield potential
remains low compared to its annual counterparts, with a maximum
of 1tha=! (Fagnant et al, 2024), as its fodder production consists of
mainly summer straw (Culman et al., 2023). The grain production
needs to be improved to reduce the environmental impact per ton
but above all to make it economically viable for farmers to adopt
the crop. The results show that the sustainability of IWG is highly
dependent on grain yield performance but also on how hay or straw
co-product is used (Law et al., 2022).
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4.5 Limitations and future research

While this study provides a comprehensive midpoint-level
comparison of perennial and annual cropping systems, we
recognize that including endpoint impact categories (e.g., human
health effects, ecosystem quality) could offer additional insights
into the broader sustainability implications of these farming
systems. The exclusion of endpoint analysis was primarily
due to (i) the study’s focus on direct agricultural processes
where midpoint indicators are most policy-relevant, and (ii) the
significant additional uncertainty introduced when aggregating
impacts to endpoint categories, particularly for agricultural
systems where characterization factors for biodiversity and
human toxicity remain under development. Future research
should explore integrated midpoint-endpoint approaches to better
capture trade-offs between, for instance, reduced pesticide use
(midpoint) and its consequences for farmer health (endpoint).
Such analyses would particularly benefit perennial systems where
long-term soil health improvements may translate to meaningful
endpoint-level advantages that are not fully captured by current
midpoint indicators.

5 Conclusion

This study provides three key evidence-based conclusions
from our cradle-to-farm gate LCA of intermediate wheatgrass
(IWG) production: (1) IWG demonstrates significantly lower
environmental impacts per hectare (GWP: 682kg CO,-eq/ha vs.
1,477-3,012 kg CO;-eq/ha for annual crops) due to reduced soil
disturbance and input requirements, though higher impacts per
ton of grain (GWP: 1,798kg CO;-eq/t vs. 316-495kg CO,-eq/t)
reflect current yield limitations; (2) organic management further
reduces IWG’s per-hectare impacts (GWP: 590 kg CO,-eq/ha) but
exacerbates per-ton trade-offs (GWP: 2,134 kg CO;-eq/t) due to
lower yields; and (3) new IWG cultivars (TLI C8) show potential
to bridge this yield gap, reducing per-ton impacts by 63%—75%
compared to earlier generations. These conclusions are strictly
derived from our analysis of the five impact categories (GWP,
OD, FE, AC, and FEC) actually assessed in this study. While the
broader agroecological potential of perennial systems (e.g., carbon
sequestration, soil health) is well-documented in the literature
(Culman et al., 2013; Jungers et al., 2019), such ecosystem services
were not quantified in our LCA framework and are therefore
not claimed as findings. We recommend future work to: (i)
incorporate emerging methodologies for quantifying perennial
crops’ ecosystem services in LCA, and (ii) extend the assessment
period beyond 3 years to capture IWG’s full productive lifespan.
It is also essential to conduct a Life Cycle Assessment (LCA)
of perennial grains, focusing on their environmental impacts,
alongside a socio-economic analysis. This combined approach
can help evaluate the potential of perennial grains to enhance
food security, support economic growth, and contribute to social
development (Vinci et al., 2022).

Future research should also focus on improving the grain
yield of IWG through breeding programs. Efforts should be
expanded to quantify ecosystem services, integrate IWG into
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diverse cropping and livestock systems, and evaluate economic
viability. Holistic assessments must include post-harvest processing
technologies, food product development and consumer behavior.
Policy advocacy and stakeholder engagement are critical to
promote adoption and scale up the use of IWG for a sustainable
food system.
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