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Abstract: Increasing legume intake through dietary diversification confers nutritional and environ-
mental benefits. This study used life cycle assessment to evaluate the environmental impacts of
producing frozen green peas from conventional and organic farming. We explored two ways of
treating farm data: modeling each farm (baseline) and using a uniform distribution of each farm
parameter’s average, maximum, and minimum values (alternative). We also assessed the indirect
land-use change (iLUC) impacts by applying a deterministic model and used the EF 3.0 method to
estimate the midpoint environmental impacts. The results of the two scenarios for pea cultivation
(including iLUC) showed notable differences in absolute terms with minor discrepancies in the
contribution analysis (e.g., climate change (CC) for the baseline and alternative were 0.98 and 2.09 kg
CO2 eq./kg fresh peas, respectively). Generally, conventional peas had a higher environmental
impact than organic peas, although this was not uniformly observed across all farms. When included,
iLUC accounted for nearly half of the CC score. Pea cultivation was the most impactful phase due to
emissions from fertilizers and field operations. The impacts of pea production can be reduced by
anaerobic digestion of pea residues with energy and nutrient recycling. However, improvements
in processing and nitrogen use efficiency could significantly enhance the overall environmental
performance of frozen green peas. In summary, this study emphasizes the need for sustainable
practices to minimize the environmental impact of frozen pea production.

Keywords: life cycle assessment; sustainability; land-use change; agro-industrial residue; anaerobic
digestion; food processing

1. Introduction

The agricultural sector contributes significantly to environmental issues such as land
use, climate change, acidification, eutrophication, and ecotoxicity [1–4]. A large share of
these environmental impacts is connected to food production [5]. Food production accounts
for 48% and 70% of household impacts on land and water resources, respectively [6]. Given
the ongoing global environmental challenges, embracing sustainable dietary practices and
food choices has gained considerable traction [7]. A sustainable and healthy diet can be
achieved by consuming more plant-based protein, reducing the environmental impact
of food production [8]. However, it is essential to recognize that the production systems
of staple crops can have adverse environmental impacts [9]. Therefore, gaining a better
understanding of the environmental impact of alternative crops like peas can help us make
more informed decisions about how to incorporate these crops into our diets to enhance
the sustainability and diversity of our diet. Moreover, the focus on underutilized crops
with food potential has drawn the interest of botanical and agronomic researchers not only
from the viewpoint of environmental sustainability but also with the aim of rediscovering
valuable traits lost due to intensive agriculture [10,11].

Sustainability 2023, 15, 13373. https://doi.org/10.3390/su151813373 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151813373
https://doi.org/10.3390/su151813373
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-4804-7567
https://orcid.org/0000-0001-6099-6688
https://orcid.org/0000-0003-3330-1136
https://doi.org/10.3390/su151813373
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151813373?type=check_update&version=2


Sustainability 2023, 15, 13373 2 of 20

Environmental sustainability has become increasingly important in the food sector [12].
Many food value chain actors have developed initiatives to reduce their environmental
footprint following increasing consumer pressure [13]. Therefore, to quantify the poten-
tial environmental impacts of products, technologies, and systems, life cycle assessment
(LCA) is widely applied [14,15]. LCA is a standardized method used for assessing the
environmental impacts of food products over their entire life cycle [16,17]. LCA identifies
processes governing the environmental impacts of products and systems, as well as areas
for improvement, and can be used to select environmentally preferable options among alter-
natives. It can provide information to establish standards and certifications for ecolabelling
programs that are useful for environmental marketing. As a result of green procurement,
food ingredient suppliers have become heavily involved in assessing their products and
improving efficiency to reduce environmental impacts. Furthermore, there is a clear need to
valorize bio-waste generated by food production chains to ensure the chains are optimized
over time to achieve the circular bioeconomy models the EU promotes [18].

Frozen plant products, including green peas, have a stable global market with promising
growth prospects. In 2021, frozen vegetable imports to Europe amounted to EUR 3 billion in
value and 2.8 million tonnes aggregated by volume [19]. Concerning the environmental im-
pacts linked with frozen plant products, LCA studies show frozen items tend to have higher
impacts than fresh produce due to the energy and materials required for processing and
storage [20–24]. Nevertheless, the prolonged shelf life of these products could significantly
reduce their impact, especially when considering the potential waste of unconsumed fresh
items. Several studies have also assessed the environmental impact of peas at different life
cycle stages, mainly in the last decade [25–31]. Factors such as the geographical location,
cultivation system, technology involved in processing and cooking, and transportation
accounted for variations in impact results. For pea cultivation, including peas in crop
rotations reduces environmental impacts due to their nitrogen-fixing ability, which off-
sets the required nitrogen fertilizer input [25–27]. Tidåker et al. [28] also reported little
variations between organic and conventional farming systems for peas, with conventional
farming systems having a lower climate change impact due to higher yields. Peas are
predominantly cultivated under conventional and organic systems. The difference lies in
the degree of control farmers have over the production process. Farmers can use agrochem-
icals in conventional farming to maximize yields. In contrast, organic farming systems
allow farmers to use natural products and methods to enhance productivity. While organic
systems are anticipated to have lower environmental impacts due to reduced emissions of
environmentally harmful substances from synthetic agrochemicals, productivity may suffer,
particularly during the emergence of new pests or disease outbreaks. Therefore, achieving
a balance between environmental protection and agricultural productivity remains a con-
tentious issue, and there is still no consensus on which approach is more environmentally
sustainable, given the trade-off involved [32].

Concerning the impacts associated with the different stages of the production chain,
Bandekar et al. [29] discovered that the consumption stage had the greatest impact, con-
tributing over 70% of the total impact across various impact categories for dried pulses
in the USA. Additionally, Svanes [30] found that processing dried peas into protein con-
centrate had more than double the climate change impact of cultivation. In contrast, Del
Borghi et al. [31] identified packaging production as the most impacting factor, accounting
for over 70% of the global warming potential for peas in tin-plated steel cans and glass
bottles for an environmental product declaration.

Recognizing sustainability concerns and the need for data to inform procurement
decisions drives additional research at small- and medium-scale production levels. While
LCA results can help to address sustainability issues, they cannot be taken a priori and must
be assessed on a case-by-case basis due to the uniqueness of each situation. The flexibility
of the LCA methodology also allows practitioners to make choices that could influence
the results. Choices could increase uncertainties regarding how to treat data, including
or excluding land-use changes and waste management, which can significantly affect the
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conclusions drawn, especially when product comparisons are made. Thus, it is important
to consider the influence of these factors in order to interpret results accurately [33,34].
Traditionally, the inclusion of iLUC has been primarily limited to biofuels and energy crops,
with relatively less emphasis on agricultural products [4,35]. Since land is a limited resource
in constant demand, utilizing land for agricultural purposes can trigger iLUC, such as
converting land to grow energy crops or displacing one crop with another. Excluding direct
and indirect land-use changes in LCA can significantly alter the study results, potentially
underestimating impacts and shifting burden. However, objections exist concerning the
justification and estimation of iLUC in LCA studies. There is still no consensus on the
terminologies of iLUC and methods for estimations due to differences in spatial and
temporal characteristics and assumed reference conditions [36,37]. It is challenging to
establish a causal relationship between an activity that leads to an iLUC, given that land has
multiple simultaneous uses that cannot be easily separated [37,38]. Nonetheless, land use
is an important sustainability index that should be included when assessing food products.

This study aims to quantify the potential environmental impacts associated with frozen
pea production by a supplier in central Italy, highlighting the environmental hotspots and
opportunities for possible improvement. The assessment is based on primary data on
conventional and organic farming. Specifically, our research aims to answer questions
on how to effectively model both conventional and organic pea farming in life cycle
assessment (LCA) and how the data should be treated. Additionally, we explore the proper
consideration of the physicochemical characteristics of biomass in LCA. We also investigate
the impact of including iLUC on frozen pea production. We also evaluate the potential
benefits of residue management and compare the environmental friendliness of organic
and conventional pea farming systems using different data handling methods. The goal is
to suggest strategies to improve the overall sustainability of pea cultivation and processing
at a medium-scale production level.

2. Materials and Methods

To evaluate the potential environmental impacts of frozen peas, we followed the ISO
14040/14044 standards [16,17] and the International Reference Life Cycle Data System (ILCD)
Handbook [39] to conduct the LCA study. Partial compliance was also observed with the
rules outlined for Type III eco-labels in the Product Category Rules (PCR 2019:10) document
for “prepared and preserved vegetables” [40,41], published within the framework of the Inter-
national Environmental Product Declaration (EPD) System [42] and ISO 14025 [43]. We used
LCA software for Environmental Assessment of Environmental Technologies (EASETECH),
version 3.4 [44]. Background data for ancillary materials and energy were obtained from the
Ecoinvent database version 3.8, allocation, cut-off by classification [45].

2.1. Goal and Scope of the Study

The study aims to evaluate the environmental performance of minimally processed
frozen green peas cultivated under different agricultural practices (organic and conven-
tional) and processed by an agricultural joint-stock consortium in central Italy. The primary
purpose of the product system is to grow green peas, which are then minimally processed
into frozen peas, serving as an ingredient for other food business operators. The functional
unit is “Production of minimally processed frozen peas in Italy in 2023”. The reference flow
is 1 kg of packaged frozen peas ready for distribution. We also use a unit of 1 kg of freshly
harvested peas at the farm gate to compare the two cultivation systems. The data pertain
to frozen peas produced by the company in 2020–2021.

The system boundaries include foreground and background processes related to
cultivation, transportation, processing, and treatment of residues. Foreground processes
encompass the main processes specific to the product system being modeled, while the
background processes represent subprocesses necessary to any of the foreground processes
and are sourced from reference databases (ancillary materials and energy). The modeling
of the foreground system is process-specific and input-specific, following the flow of
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materials in the system and its physicochemical composition. The bottom-up modeling was
performed with the EASETECH software, which converts emissions, waste, and residues
from producing a product into a final estimation of resource consumption and potential
environmental impacts [44]. The foreground inventory data were obtained directly from
the company. Secondary data on manure and slurry quantity, as well as water used to
dilute and dissolve pesticides, were obtained from the scientific literature. The background
inventory data were obtained from Ecoinvent.

We performed attributional LCA on the main system, considering all the interventions
involved in producing 1 kg of frozen peas and excluding potential system changes (Figure 1).
This study is a cradle-to-factory gate LCA and excludes the distribution, retail, and use
phases due to unavailable primary data and many possible scenarios that may increase
the uncertainty of the results. Moreover, the company has little control over those stages.
Allocation of input and output flows for processes of the product system was carried out on
a mass basis as needed. Additional functionalities, such as additional material and energy
produced from pea residue management, are accounted for by substituting commercial
products that perform similar functions through system expansion. The supply chain’s
various stages were analyzed to determine the raw material reference flows with respect
to 1 kg of frozen peas. During processing, the company receives 1.18 kg of peas from the
fields, but only 1 kg of frozen peas is produced, accounting for a 15% waste fraction. We
assumed no farm and transport losses, although a negligible mass loss due to sap secretion
after shelling occurs. The pea residue going to the anaerobic digestor was treated as a
burden-free factor [40].
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Figure 1. Overview of the frozen pea production process (“cradle-to-factory gate”) studied. Colored
boxes represent phases directly involved in production (common product environmental impact
assessment), while others illustrate activities that are indirectly related (i.e., indirect land-use changes
and pea residue management).

2.2. Life Cycle Impact Assessment

The impacts of the frozen peas, per the selected functional units, were evaluated in
terms of climate change (CC) estimated over a 100-year horizon, ozone depletion (OD), hu-
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man toxicity, cancer (HT, car), human toxicity, non-carcinogenic (HT, non-car), particulate
matter (PM), ionizing radiation (IR), photochemical ozone formation (POCF), acidification
(AC), eutrophication, terrestrial (EUTT), eutrophication, freshwater (EUFW), eutrophi-
cation, marine (EUMA), ecotoxicity, freshwater (ETFW), water use (WU), resource use,
minerals and metals (RUMM), and resource use, energy carrier (RUEC) using the Environ-
mental Footprint (EF) 3.0 midpoint life cycle impact assessment (LCIA) methodology with
long-term impacts [46].

2.3. Process Modeling

The collection of raw cultivation and production data was conducted within the activi-
ties of LiSEA (Energy-Environmental Sustainability Laboratory) and the PSR BSFly green
project. LiSEA is affiliated with the Department of Agricultural, Food, and Environmental
Sciences at Marche Polytechnic University. It conducts impact assessments on agricultural,
food, forest, and agro-energy supply chains to support teaching and research.

2.3.1. Cultivation

The peas were cultivated in provinces in the Marche, Emilia Romagna, Puglia, Umbria,
Molise, and Tuscany regions of Italy (Figure 2). Out of 457 fields, a representative data
sample was collected from 187 fields. The sample included data from 177 conventional and
10 organic peas fields, accurately reflecting their production shares. Pea cultivation was car-
ried out on open fields, applying standard agricultural practices on field surfaces between
2.5 ha and 28 ha. The farmers carried out several field operations like plowing, harrowing,
sowing, and agrochemical distribution under the two cultivation systems: organic and
conventional farming. Between November and January, the peas were planted, and their
harvesting period varied from April to June, depending on the type of pea. On average,
the seed quantity sown was between 200 and 250 kg/ha.
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The water for dissolving and diluting fertilizers, herbicides, insecticides, and fungi-
cides was calculated according to indications declared on the product labels. Data on
fertilizers and pesticides were directly obtained from farmers’ documents. Solid and liquid
digestate quantities were calculated as an average of the minimum and the maximum
amount/ha of manure and slurry that can be distributed, considering fields as nitrate-
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vulnerable zones. The digestate composition was obtained from Möller and Müller [47].
Table 1 shows the inventory data used for pea cultivation.

Table 1. Life cycle inventory for the cultivation phase of the two cultivation systems expressed per
tonne of fresh peas.

Parameter Unit Conventional Peas Organic Peas

Land surface ha 0.128 0.124
Seeding rate kg/ha 51.2 49.6

Field operations (tillage, plowing,
sowing, fertilizing, plant protection

application, hoeing, manure
distribution, and harvesting)

ha 0.256 0.248

Nitrogen fertilizer, inorganic kg N 0.7 –
Nitrogen fertilizer, digestate kg N 43.54 42.16

Phosphorus fertilizer kg P2O5 0.96 –
Phosphorus fertilizer, digestate kg P 5.86 5.67

Potassium fertilizer kg K2O 0.04 –
Solid digestate kg 3658.6 2696.3

Liquid digestate m3 3.81 3.68
Calcium nitrate kg 0.25 –
Copper sulfate kg 0.13 –

Zinc oxide kg 0.0033 –
Sulfyl urea kg 0.05 –
Pyrethroid kg 0.0025 –

Thiocarbamate kg 0.092 –
Pendimethalin kg 0.12 –

Aclonifen kg 0.14 –
Benzothiodiazole kg 0.053 –

Phenoxy compound kg 0.005 –
Gylphosate kg 0.00076 –
Spinosad kg – 0.001

Mineral oil kg – 0.034
Direct emissions

NH3-N–air kg 10.41 8.43
N2O–air kg 0.43 0.34
NO–air kg 0.27 0.21

NO3–ground water kg 15.17 12.65
P leaching–ground water kg 0.41 0.40

Indirect emissions
N2O–NH3-N–air kg 0.104 0.084
N2O–NO3-N–air kg 0.114 0.095

The fate and relative emissions of fungicides, insecticides, and herbicides were cal-
culated considering that 85% of the total active ingredient is emitted into the soil, 10%
into the air, and 5% in the water [48]. No pesticides were applied to pea plants grown
under the organic system. The emissions and fate of fertilizers were calculated following
the Product Category Rules (PCR) for arable crops [41]. Estimation of emissions from
inorganic fertilizers and digestate for NH3 and NO, N2O direct and indirect emissions,
NO3

− leaching, and P leaching were included. Agrochemicals, such as bio-stimulants
(Spinosad, Kendal Te, and Impulsive Premium) used predominantly for organic green pea
cultivation, were assumed to have no impacts. Other indirect emissions were from fuel
combustion by tractors and other farm machinery. However, after the harvest, we did not
consider the N emissions from the biodegradation of pea residues (straw and pods), which
were returned to the fields as organic matter through plowing.

Regarding the cultivation phase, we looked at how different ways of handling or
considering large datasets could influence the overall results. We created parameters for the
different farm inputs and emissions and used two data handling approaches to calculate
the potential impacts of the cultivation phase of the two farming systems. In the first
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approach (baseline scenario), we compiled a list of data values for each parameter at every
farm. We then analyzed the impact scores for each farm in both farming systems across
various impact categories and calculated the mean and standard deviations for the type
of cultivation system. In the second approach (an alternative scenario), we used Monte
Carlo simulation to create a probability distribution. We defined a uniform probability
distribution for each parameter based on the two farming systems’ minimum, maximum,
and mean values. We then calculated the averages and standard deviation from 1000 runs
of the uniform distribution.

We also included iLUC for the cultivation of peas based on the deterministic model
developed by Tonini et al. [49]. Based on this model, global agricultural production is
represented in terms of crop production, crop yield changes over time (productivity per
unit of land), arable land expansion, and fertilizer use for intensification (intended as an
increase in productivity on the same amount of land). The framework aims to establish
a causal relationship between the demand for arable land and the effects of expansion
and intensification. It utilizes statistical data on deforestation, the loss of natural biomes
such as shrubland and grassland, crop yields, and fertilizer consumption to analyze this
relationship. The final aggregated inventory for arable land use is based on emissions
from a share of expansion (25%) and intensification (75%) in response to additional crop
production to meet food or feed demand for a change in land use.

2.3.2. Transportation of Peas to the Processing Plant

The harvested pea is transported to the processing plant right after harvest, where
processing is carried out immediately. Third-party companies are responsible for pea
transport. The transport of bulk peas is carried out through trucks with an average load
capacity of 7 tons. The vehicles are open trucks to prevent overheating and microbial
spoilage. They are diesel-powered with 60% load capacity to avoid mechanical damage.
The average distances ranged between 33 and 357 km. The environmental class of the truck
is EURO 3. The truck on the return journey is empty because they are only intended to
transport food products.

2.3.3. Processing and Packaging

The processing phase was modeled using a mass-based average of the peas from the
two cultivation systems. Green peas cultivated under the conventional system comprised
96% of the total peas transported and processed at the facility. Figure 3 illustrates how fresh
peas are transformed into packaged frozen products with minimal processing. The process
begins with four unit processes involving a pneumatic separator, water stone remover,
vibrating screen, and belt stone remover, which eliminates unwanted materials, such as
sand, stones, insects, and heavy particles, such as stems and soil, from the peas. The peas
are then washed by fluctuation and decantation with artesian well water. Subsequently,
the peas are blanched in a steam cooker (a rotating drum with steam), heated to 94 ◦C, and
cooled to 23 ◦C. Manual sorting is conducted through a visual inspection to remove any
foreign material. The peas are then frozen and stored at −35 ◦C, with ammonia used as
the refrigerant. All the solid organic waste generated during this process is directed to an
agricultural biogas plant.

Concerning energy consumption, electricity from the national grid and a co-generator
powers the engines to move the conveyor belts in the processing line, the pneumatic system,
the freezer, and the compressors that pump the refrigerant. Moreover, electricity is also used
to pump water, operate electric forklifts, and illuminate the plant’s offices and laboratories.
Natural gas is used to produce steam for heating. Data for pea processing at the facility are
summarized in Table 2.
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Table 2. Reference flow of raw materials used to produce 1 kg of frozen peas at the processing facility.

Unit Quantity

Functional unit (FU) kg 1
Fresh peas (from the farm) kg 1.18
Transport (farm to factory) kg-km 1.56 × 102

Electricity (grid) kWh 0.12
Electricity (co-generator) kWh 0.13

Natural gas MJ 6.8 × 10−2

Water kg 17.7
Refrigerant (NH3) kg 2.43 × 10−5

Plastic packaging (LDPE) kg 1.05 × 10−3

Plastic bin (polypropylene) kg 8.85 × 10−4

Corrugated board box kg 5.12 × 10−3

Pallet p 8.41 × 10−4

Iron mesh cage kg 5.63 × 10−2

Emissions
Refrigerant (NH3) kg 3.28 × 10−6
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2.3.4. Packaging and Storage

The products are safeguarded, preserved, and transported using two primary packag-
ing layers for wholesale distribution. The initial layer comprises plastic, while the second
layer comprises a carton box. Epal pallets of 100 × 120 cm were also considered for the
transport of products. We modeled the pallets based on primary data regarding the num-
ber and assumed the average weight of each to be 30 kg and the lifespan to be 5 years.
However, information concerning the distance covered while transporting packaging mate-
rials was not included. The peas are stored in freezing cells inside plastic bags placed in
cardboard boxes. The storage period varies between 2 days and 6 months. The company
primarily supplies frozen peas in bulk to other large companies for final packaging. We
used suggested leakage rates to calculate refrigerant (ammonia) leakage [50,51]. For the
chillers, the proposed leakage rates from the various stages were as follows: assembly (1%),
annual leakage from operation (8%), and leakage from dumped refrigeration equipment
(5%, assuming 95% recovery). The refrigeration system’s operational lifetime has been
assumed to be 20 years.

2.3.5. Management of Residues

About 15% of the peas exit the processing phase as residue due to quality defects
and processing inefficiencies. The residue is transported to an agricultural biogas plant to
undergo anaerobic digestion, often co-digested with maize silage and poultry manure to
generate biogas for heat and electricity and digestate. We estimated biomethane potential
and modeled the anaerobic digestion process based on existing models in the EASETECH
software. We assumed the methane content to be 50% of the biogas produced with a gas
leakage of 5%. We credited the system based on the equivalent substitutable electricity from
the Italian national grid and commercial NPK fertilizer. However, we excluded residue
transportation to the agricultural biogas plant.

2.4. Interpretation

The midpoint characterization results per the functional unit of 1 kg of frozen peas
are presented in this study. We first present the findings of the cultivation phase based on
the two data handling approaches. The baseline scenario results refer to averages from
modeling all the individual farms. In contrast, the alternative scenario refers to the impact
scores based on a uniform distribution of the average, maximum, and minimum values
of parameterized inputs and emissions. The impact scores on pea cultivation under the
two farming systems are expressed per 1 kg of freshly harvested peas. Next, based on the
baseline scenario, we show the results of frozen pea production from the “cradle-to-factory
gate” expressed per kg of frozen peas. Conventional peas comprise 96% of processed
peas, while organic peas comprise the other 4%. Results are reported for multiple impact
categories, emphasizing climate change. The interpretation of results includes contribution
analysis of the phases, key processes, and substances (hotspot analysis), sensitivity analysis,
and data uncertainty analysis. The LCIA results are normalized and expressed in units
of person equivalent (PE) based on the total impact of a reference region for a certain
impact category in the EF 3.0 method. Each person equivalent represents the amount of
environmental impact that equals one person’s average yearly share of the total impact of a
reference region for a specific impact category in 2010 [52]. The life cycle impact analysis
relied on average estimations of parameter values, which have some uncertainty and could
affect the conclusions drawn. Again, as mentioned previously, the uncertainty associated
with the second method of evaluating the impact of the cultivation phase was defined as a
uniform distribution based on the mean, minimum, and maximum parameter values. We
also considered how the results would be affected by excluding iLUC. Scenario uncertainty
analysis of the cultivation phase parameters was also evaluated. To assess the impact of
varying key parameters on different categories, we conducted a local sensitivity analysis
on the cultivation phase (excluding the iLUC) by increasing the input values by 10% for
one input at a time and calculating the corresponding result scores and sensitivity ratio
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(SR). A total of 44 parameters were tested and analyzed. Uncertainty related to background
processes from the Ecoinvent database adopted into the model was included. However,
there is some uncertainty regarding the geographical representativeness of the anaerobic
digestion process, which was based on the process model available in the EASETECH
model rather than a specific one for the Italian context.

3. Results and Discussion

This section presents and discusses the LCIA results of pea cultivation based on the
two data handling approaches (Section 3.1), LCIA results of frozen peas from “cradle-
to-factory gate” (Section 3.2), and pea residue management (Section 3.3). Normalized
results and the sensitivity of model parameters are also presented and discussed in
Sections 3.4 and 3.5, respectively.

3.1. Cradle-to-Farm Gate Analysis (Conventional vs. Organic Pea Cultivation)

The environmental impacts of conventional and organic pea cultivation, consider-
ing the two data handling approaches per kg of freshly harvested peas, are shown in
Table 3. The results suggest that conventional pea production has, on average, a more
significant environmental impact than organic pea production in both scenarios. How-
ever, in the baseline method, some overlap exists due to the wide variability observed,
as certain conventional farms perform better than their organic counterparts (Figure 4).
Similarly, Tidåker et al. [28] reported organic yellow and grey peas as slightly more
impacting. (0.18 to 0.24 kgCO2 eq./kg product) than conventional yellow and grey peas
(0.18 to 0.20 kg CO2 eq./kg product). The alternative scenario, on the other hand, exhibits
no overlap, likely because of the selected range. The primary contributors to the overall
environmental impact differed for different impact categories.

Table 3. Environmental impacts associated with producing 1 kg of fresh peas at the farm gate based
on two data handling approaches. Baseline results refer to averages from modeling all the individual
farms, while alternative refers to the impact scores based on a uniform distribution of the average,
maximum, and minimum values of parameterized inputs and emissions. Mean results are reported
with standard deviation in brackets.

Impact Category Baseline Alternative
Conventional Organic Conventional Organic

CC (kg CO2 eq.) 0.98 (0.19) 0.88 (1.86 × 10−2) 2.09 (0.44) 0.86 (1.06 × 10−2)
OD (kg CFC−11 eq.) 3.66 × 10−8 (9.53 × 10−9) 2.95 × 10−8 (6.93 × 10−10) 1.13 × 10−7 (1.76 × 10−8) 2.86 × 10−8 (2.67 × 10−10)

HT, car (CTUh) 2.42 × 10−10 (5.62 ×
10−11)

2.03 × 10−10 (4.52 ×
10−12)

7.48 × 10−10 (1.04 ×
10−10)

1.97 × 10−10 (1.62 ×
10−12)

HT, non-car (CTUh) 7.06 × 10−9 (1.7 × 10−9) 5.77 × 10−9 (1.32 × 10−10) 2.05 × 10−8 (2.94 × 10−9) 5.6 × 10−9 (5.67 × 10−11)
PM (disease incidences) 4.77 × 10−7 (6.28 × 10−8) 4.32 × 10−7 (4.95 × 10−9) 6.92 × 10−7 (1.57 × 10−7) 4.26 × 10−7 (4.14 × 10−9)

IR (kBq U−235 eq.) 1.56 × 10−2 (5.43 × 10−3) 1.29 × 10−2 (3 × 10−4) 6.09 × 10−2 (1.29 × 10−2) 1.25 × 10−2 (1.21 × 10−4)
PCOF (mol H+ eq.) 3.14 × 10−3 (6.13 × 10−4) 2.92 × 10−3 (6.28 × 10−5) 6.92 × 10−3 (1.09 × 10−3) 2.84 × 10−3 (2.63 × 10−5)

AC (mol N eq.) 6.99 × 10−2 (9.23 × 10−3) 6.35 × 10−2 (7.36 × 10−4) 0.1 (2.26 × 10−2) 6.25 × 10−2 (5.96 × 10−4)
EUTT (kg N eq.) 3.12 × 10−1 (4.1 × 10−2) 0.28 (3.29 × 10−3) 0.45 (1.01 × 10−1) 0.28 (2.66 × 10−3)
EUFW (kg P eq.) 3.22 × 10−4 (4.65 × 10−5) 3.05 × 10−4 (4.33 × 10−6) 6.41 × 10−4 (1.32 × 10−4) 3 × 10−4 (3.11 × 10−6)
EUMA (kg N eq.) 1.1 × 10−2 (1.47 × 10−3) 1.01 × 10−2 (1.32 × 10−4) 1.65 × 10−2 (2.77 × 10−3) 9.92 × 10−3 (7.07 × 10−5)

ETFW (CTUe) 17.3 (3.71) 15.5 (0.35) 44.3 (8.19) 15 (0.19)
WU (m3 water eq.) 0.26 (6.22 × 10−2) 0.22 (4.72 × 10−3) 0.75 (0.16) 0.22 (3.23 × 10−3)
RUMM (kg SB eq.) 4.37 × 10−6 (1.49 × 10−6) 2.71 × 10−6 (6.36 × 10−8) 1.81 × 10−5 (3.15 × 10−6) 2.63 × 10−6 (2.66 × 10−8)

RUEC (MJ) 3.44 (0.99) 2.70 (6.29 × 10−2) 12.2 (2.23) 2.62 (2.5 × 10−2)

The primary drivers of environmental impact varied across different impact categories.
For climate change (CC), the most significant contributors were direct emissions from fertil-
izers, mainly dinitrogen monoxide, and background processes involving input materials
like pea seeds and ammonium nitrate. Additionally, combined harvesting, harrowing,
plowing, and sowing substantially contributed to CC impact. In terms of other impact cate-
gories like photochemical ozone formation (PCOF), processes such as broadcast fertilizing,
sowing, hoeing, and manure spreading had the most significant impact due to the emission
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of nitrogen oxides, nitric oxides, and non-methane volatile compounds (NMVOCs) from
background processes. Similarly, for human toxicity carcinogenic (HT car), heavy metals
associated with field operations like hoeing, sowing, and manure spreading were the
primary contributors to the overall impact. In the context of organic farms, fewer synthetic
chemicals are employed, with the usage of biostimulants presenting low environmental
impacts. Moreover, plant protection products were excluded from impact calculation due
to a lack of data. It is also important to acknowledge that certain organic farms recorded no
yields and were consequently excluded from the dataset under consideration. Therefore,
although organic farming practices may have a reduced impact due to the limited control
available to farmers to address unexpected adversities like pest attacks swiftly, it is essential
to recognize that significantly higher impacts may be reported if minimal or no yields are
obtained despite the resources expended, thus undermining environmental sustainability.
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Figure 4. (a–d). Environmental impacts of producing 1 kg of conventional and organic fresh peas at
the farm gate (including indirect land-use change) based on two data handling approaches. Baseline
results refer to averages from modeling all the individual farms, while alternative refers to the
impact scores based on a uniform distribution of the average, maximum, and minimum values of
parameterized inputs and emissions. Results for the other impact categories can be found in the
Supplementary Materials.
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Comparing the outcomes obtained from the various data treatment approaches, sub-
stantial discrepancies were observed for conventional farms, whereas minimal disparities
were observed for organic farms (Figure 4). In the alternative scenario, the environmental
impacts of conventional peas were considerably higher than those in the baseline scenario
across all impact categories. However, the extent of the differences varied. For instance, cli-
mate change (CC) impacts doubled in the alternative scenario, while ozone depletion (OD),
ionizing radiation (IR), and the resource use of minerals and metals (RUMM) increased
by over 200%. These variations can be attributed to the specified range of values between
the minimum and maximum values. In the uniform distribution, all values between the
maximum and minimum values have an equal probability of occurring, and therefore,
applying it to data that are not normally distributed can skew the outcomes. For example,
the climate change results for the conventional baseline scenario show results of 0.98, 2.89,
and 0.58 kg CO2 per kilogram of fresh peas for the mean, maximum, and negative values,
respectively. This implies that the datasets are positively skewed and account for higher
impact scores for the alternative scenario. It is important to note that these maximum and
minimum values may be outliers or extreme values that significantly influence the results
and introduce higher uncertainty. However, eliminating outliers may only sometimes be
ideal, as each farm possesses unique characteristics in the case foreground data have low
uncertainty. Although the baseline method may be more time-consuming, particularly for
large datasets, it ensures traceability and aids in the identification of farms with distinct
characteristics. This approach helps to reduce uncertainty and enables the development
of tailored mitigation strategies for specific farms. Moreover, farms with low impacts can
serve as models for those with higher impacts.

Regarding the contribution analyses for the two data handling approaches, few dis-
crepancies were observed concerning the significant impacting processes for the same
cultivation system (Supplementary Materials). Additionally, conventional and organic
peas exhibited a similar trend for the most impactful processes in the baseline scenario.
However, in the alternative scenario, direct emissions were relatively more impactful for
conventional peas compared to organic peas, particularly for particulate matter (PM), acid-
ification potential (AC), and eutrophication, terrestrial (EUTT). Considering the limited
disparities between the results obtained from the two data treatment approaches, it can be
inferred that there is convergence and comparability in terms of relative contribution. Both
methods offer valuable insights into the most influential processes and phases, thereby
supporting the development of mitigation strategies to reduce impacts when appropriately
addressed. Nevertheless, it is crucial to avoid drawing misleading conclusions by directly
comparing the absolute results of the same product without considering the underlying
modeling approaches utilized.

In both cultivation systems, iLUC significantly contributed to various impact cat-
egories, particularly CC, EFTW, PCOF, RUMM, and REUC. iLUC accounted for nearly
half of the climate change score for pea cultivation. When excluding iLUC, CC scores for
conventional and organic peas were 0.52 kg CO2 eq. and 0.44 kg CO2 eq. per 1 kg fresh
peas, respectively. These results are higher than those reported in previous studies, ranging
between 0.13 kg CO2 eq. and 0.32 kg CO2 eq. per 1 kg fresh peas [22,26,28,29,31] and
0.57 kg CO2.eq. per 1 kg dried peas [30]. Several reasons could explain the higher scores
obtained in this study. One notable reason could be impacts related to the N sources and
their related emissions. This study considered inorganic sources (urea and ammonium
nitrate) and digestate, while other studies like Svanes et al. [30] considered N emissions
from only crop residues and mineralized soil. Furthermore, differences in crop yields
may also contribute to the variations in results. For example, this study’s average crop
yield per hectare was 4 tonnes, whereas Del Borghi et al. [31] reported a higher value of
5 to 5.5 tonnes. Differences and uncertainties regarding data sources could also contribute
to the differences in findings, as several studies relied on secondary data sources [22,26,29].

In this study, we focused solely on iLUC and did not consider direct land-use change
(dLUC). Given that the cultivated fields were already dedicated to crop production with
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no needed expansion, and that pea cultivation was intensified through fertilizer use, we
excluded dLUC. The magnitude of the iLUC impacts was directly related to an equivalent
demand for the arable land used for pea cultivation for other activities. Increasing pro-
ductivity through strategies such as improved breeding varieties to meet the same market
demand will decrease the land size required, consequently leading to decreased iLUC
impacts. Conversely, where land productivity is low, as is often the case in organic farming,
more land will be required to meet the same demand, resulting in higher iLUC impacts.
Accordingly, analysis of the relative contributions of organic peas revealed a slightly greater
contribution of iLUC to the various impact categories for both scenarios compared to
conventional peas (Supplementary Materials, S1: Sheet “contribution analysis_baseline”
and ”contribution analysis alternati”).

3.2. Cradle-to-Factory Gate Analysis (Impacts of Frozen Peas Production)

The environmental impacts of the entire frozen peas production system by the medium-
scale processor, expressed per the functional unit (1 kg of frozen peas), are summarized
in Table 4. The total CC score was 1.35 kg CO2 eq., including pea residue management.
However, when excluding iLUC from the cultivation phase, CC was 0.82 kg CO2 eq./kg
frozen peas. Furthermore, by excluding iLUC and pea residue management, CC increased
to 0.85 kg CO2 eq./kg frozen peas. These findings align with a previous study by Del
Borghi et al. [31], which reported a comparable result of 1.18 kg CO2 eq./kg processed
peas. Another study conducted in the UK by Frankowska et al. [22] found a cradle-to-retail
gate CC of 1.2 kg CO2 eq./kg for frozen shelled peas. When considering the contributions
to various impact categories, cultivation (plus related iLUC) was the dominant phase
(Figure 5). This finding aligns with similar studies conducted by Ilari et al. [20] and Ríos-
Fuentes et al. [24], which also identified cultivation as a key impacting phase. However,
others reported the packaging phase [21,31] and processing step [22] as the most impacting
step for frozen vegetable production.

Table 4. Environmental impacts related to producing 1 kg of frozen peas (“cradle-to-factory gate”),
including residue management.

Impact
Category Total Cultivation iLUC Transport Processing Packaging Anaerobic

Digestion
Substituted
Electricity

Substituted
Fertilizer

CC (kg
CO2 eq.) 1.35 0.61 0.54 0.02 0.17 0.042 0.039 −0.021 −0.049

OD (kg
CFC−11

eq.)
7.64 × 10−8 3.68 × 10−8 6.13 × 10−9 3.59 × 10−12 3.07 × 10−8 3.32 × 10−9 1.16 × 10−10 −6.05 × 10−10 −3.63 × 10−14

HT, car
(CTUh) 1.75 × 10−10 2.52 × 10−10 3.17 × 10−11 1.46 × 10−12 5.69 × 10−11 1.34 × 10−10 5.95 × 10−13 1.06 × 10−12 −3.03 × 10−10

HT, non-car
(CTUh) 7.57 × 10−9 7.27 × 10−9 9.96 × 10−10 2.54 × 10−10 1.14 × 10−9 7.78 × 10−10 1.19 × 10−9 −8.93 × 10−11 −3.96 × 10−9

PM (disease
incidences) 5.68 × 10−7 5.46 × 10−7 1.46 × 10−8 5 × 10−10 1.84 × 10−9 2.01 × 10−9 4.90 × 10−9 −5.94 × 10−10 −1.15 × 10−9

IR (kBq
U−235 eq.) 2.99 × 10−2 1.37 × 10−2 4.54 × 10−3 2.66 × 10−5 1.02 × 10−2 4.76 × 10−3 3.57 × 10−6 −3.37 × 10−3 −2.69 × 10−7

PCOF (mol
H+ eq.) 4.23 × 10−3 2.63 × 10−3 1.06 × 10−3 1.03 × 10−4 2.81 × 10−4 1.38 × 10−4 4.15 × 10−6 6.88 × 10−5 −5.7 × 10−5

AC (mol
N eq.) 8.34 × 10−2 7.98 × 10−2 2.41 × 10−3 9.21 × 10−5 4.47 × 10−4 1.63 × 10−4 7.03 × 10−4 −1.77 × 10−6 −1.4 × 10−4

EUTT (kg
N eq.) 0.371 0.356 1.09 × 10−2 4.44 × 10−4 9.44 × 10−4 3.98 × 10−4 3.14 × 10−3 3.29 × 10−4 −4.36 × 10−4

EUFW
(kg P eq.) 3.78 × 10−4 3.63 × 10−4 1.64 × 10−5 1.60 × 10−8 2 × 10−5 1.89 × 10−5 7.13 × 10−6 −1.63 × 10−8 −4.73 × 10−5

EUMA (kg
N eq.) 1.38 × 10−2 1.24 × 10−2 4.51 × 10−4 3.95 × 10−5 8.24 × 10−5 4.73 × 10−5 1.19 × 10−3 3 × 10−5 −4.4 × 10−4

ETFW
(CTUe) 21.8 11.2 9.09 0.0175 1.02 0.71 0.165 −0.098 −0.33

WU (m3

water eq.) −1.35 0.25 0.057 0.03 0.95 0.06 3.93 × 10−4 −2.69 −2.99 × 10−4

RUMM (kg
SB eq.) 6 × 10−6 4.11 × 10−6 9.59 × 10−7 5.85 × 10−10 6.18 × 10−7 2.88 × 10−7 2.97 × 10−8 −1.38 × 10−9 −4.94 × 10−9

RUEC (MJ) 7.36 3.14 0.88 0.25 2.98 0.66 0.012 −0.43 −0.15

iLUC—indirect land-use change.
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Figure 5. The relative contribution from different phases and processes to various environmental
impact categories associated with producing 1 kg of frozen peas (“cradle-to-factory gate”). Results
indicated by (a) exclude indirect land-use change (iLUC) and pea residue management, while
(b) encompass both factors.

Regarding the overall impacts of frozen pea production, the processing phase signif-
icantly contributed to CC, OD, IR, and RUEC (Figure 4). Upon further investigation of
the processing phase, the significant contributors were electricity consumption and water
usage. Electricity accounted for over 60% of the total impacts across most categories, except
for WU and HT car, where water consumption accounted for 95% and 50% of the total
impacts, respectively. High electricity consumption was heavily linked to the inefficiency
of the old motors in the plant. Replacing the motors with new ones could reduce the
electricity consumed by 30%. Natural gas heat accounted for less than 15% of the pro-
cessing phase impact and had a negligible effect on WU and IR. The refrigerant (NH3)
was the least impacting and made no significant contribution (<2%) across the various
impact categories. The choice of ammonia as a refrigerant is favorable due to its lower
environmental impacts than other alternatives [53] coupled with the limited storage time
(2 days to 6 months), which explains the low impacts recorded. The CC score for the
processing phase was 0.17 kg CO2 eq./FU, comparable to findings of 0.11 kg CO2 eq./kg
frozen peas in Poland [54].

Regarding the packaging phase, the iron mesh cage had the highest impact, followed
by wooden pallets and corrugated board boxes, with LDPE bags being the least impacting.
Iron mesh cages made significant contributions to WU (81%), HT (66%), EUFW (65%),
RUMM (60%), IR (55%), and CC (54%). Pallets also accounted for 28% to 32% of the
total impacts in OD, POCP, EUTT, PM, and HT car. Corrugated board boxes also mainly
impacted EUMA (32%), EUTT (24%), PM (22%), and OD (20%). LDPE bags (single-use
plastic) and plastic bins made a relative contribution of less than 10% across all impact cate-
gories, except for REUC, which contributed 18% and 17%, respectively. Plastic packaging
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plays a vital role in preserving food quality, sanitation, and shelf life, although concerns
regarding health and pollution exist [55]. In this study, single-use LDPE packaging was
less environmentally impacting due to its light weight and the lesser resources and energy
required for manufacturing. However, waste disposal and the management of packaging
materials were excluded from the analysis.

Transportation had the most negligible impact within the supply chain, responsible
for less than 4% of the impacts across all impact categories. This was primarily due to
the relatively short transport distance between the fields and the processing company,
with more than 60% of the raw materials sourced regionally. It should be noted that these
findings are specific to the processing plant and must not be considered as a generalization
of the entire Italian frozen pea supply chain. Several factors, such as transportation quantity,
distance traveled, transport mode, and load capacity, could significantly influence the
results. Nevertheless, many food processing companies strive to adopt sourcing materials
locally (zero km food) due to associated environmental, economic, and social benefits [56].

3.3. Pea Residue Management

The inefficient processing of peas resulted in a significant amount of residue, leading
to higher environmental impacts. By improving processing efficiency from 85% to 90%, it
was possible to reduce impacts by 6%. Vegetable residue, comprising leaves, stalks, and
florets, typically accounts for a substantial proportion of the total residue, ranging from 15%
to 30% [21,22,24]. While enhancing processing efficiency is crucial for improving the overall
environmental performance of frozen peas, it is important to recognize that increasing
yield is not always feasible. Therefore, exploring alternative residue management strategies
as an ideal approach to mitigate this impact is advisable. Managing the residue through
anaerobic digestion yielded some benefits through substituted electricity and mineral
fertilizer (Table 4 and Figure 5). Notable reductions were observed for WU (−67%), HT car
(−39%), HT non-car (26%), and EUFW (10%). Exploring alternative management strategies
for residue based on its biomass composition, such as its use as animal feed, compost, or
bio-compound feedstock, may yield even greater benefits. Another promising approach
involves rearing insects like Hermetia illucens on pea residue and utilizing the resulting litter
in agricultural biogas plants, which can further enhance the valorization of the residue [57].

3.4. Normalized LCA Results

The normalized LCIA results for the impact categories in the EF 3.0 LCIA methodology
are summarized in Figure 6. The highest normalized impact category is eutrophication,
terrestrial (EUTT), followed by ecotoxicity, freshwater (ETFW), acidification (AC), and
particulate matter (PM). Therefore, improvement in these categories can result in significant
relative reductions in environmental impacts. The cultivation phase is primarily responsible
for most impacts, with elements such as sulfur, ammonium, chloride, and aluminum being
the main contributors. These substances are leached into the groundwater and soil due to
agrochemicals, field operations, and emissions from iLUC. In the case of EUTT, AC, and
PM, nitrogen compounds, including ammonia, nitrogen oxides, and nitric oxides from
synthetic fertilizers and digestate, play a significant role. The emission inventory in the
background data, particularly particulates, is also a key driver of the results. To mitigate
these impacts, several strategies can be implemented. These include reducing applied
nitrogen fertilizers and improving nitrogen use efficiency by incorporating nitrification
inhibitors such as urease. These inhibitors can extend the duration during which the active
nitrogen component of the fertilizer remains in the soil, either as urea-N or ammonium-
N. Adopting these strategies makes it possible to reduce emissions and minimize the
environmental footprint associated with these impact categories [58].
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Figure 6. Normalized life cycle impact assessment results in person equivalents per 1 kg frozen peas
(“cradle-to-factory gate”) based on the Environmental Footprint 3.0 life cycle impact assessment
methodology. Results do not include indirect land-use change and pea residue management.

3.5. Sensitivity of Model Parameters

Due to the high impacts of the cultivation phase, we conducted a perturbation analysis
to identify the most sensitive model parameters under the two farming systems based on
the sensitivity ratio (SR). Although most parameters had very low or negligible SRs (<0.2),
the sensitivity of the parameters varied across the various impact categories (Supplementary
Materials). Direct emissions from synthetic fertilizers and digestate, farm operations such
as combined harvesting and tillage, and sowing material were the most significant and
sensitive parameters based on this study’s model. For conventional pea cultivation, the
main sensitive parameters with an SR between 0.2 and 0.6 were combined harvesting (OD,
PM, IR, PCOP, RUMM, and RUEC), CuSO4 (RUMM), sowing material (HT-non car, ETFW,
and WU), direct emissions of NH3 (PM, AC, and EUTT), N2O (CC), the release of NO3

-

into groundwater (EUMA), and P leaching into the soil (EUFW). Similarly, for organic pea
cultivation, combined harvesting (OD, HT car, IR, PCOP, RUMM, and RUEC), plowing
(OD, IR, and RUEC), sowing material (HT non-car, ETFW, and WU), direct emissions of
NH3 (PM, AC, and EUTT), N2O (CC), the release of NO3

- into groundwater (EUMA), and
P leaching into the soil (EUFW) were the most sensitive parameters. Therefore, reducing
emissions from applied fertilizers, as discussed earlier, can significantly reduce impacts.

4. Conclusions

This study quantified the potential environmental impacts of frozen green pea produc-
tion from two cultivation systems (conventional and organic) in Italy using LCA from a
“cradle-to-factory gate” perspective. Based on first-hand data, we explored two ways of
treating the farm data: modeling all the single farms and then either finding the average
impacts (baseline) or using the average, maximum, and minimum values of each parameter
to calculate the impacts based on a uniform distribution (alternative). In the EASETECH
software, the foreground system was evaluated using a process-specific and input-specific
LCA model, which follows the material flow within the system and considers the products’
physicochemical composition. We also included the environmental implications of pea
cultivation linked to iLUC by applying a deterministic model.
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Comparing the results for the two data treatments, we found significant differences
between the results of the conventional peas with respect to absolute values. For example,
the mean CC score for the baseline and alternative was 0.98 kg CO2 eq. and 2.09 kg
CO2 eq./1 kg fresh peas, respectively. However, there was little difference in the results
for the organic peas. Regarding the relative contribution analyses, negligible differences
were observed for both scenarios. The results’ similarity depends on data skewness and
potential outliers since the range between the maximum and minimum values significantly
influences the results. Therefore, we recommend the baseline method even though it is time-
consuming since the alternative method requires uniformly distributed data. Additionally,
LCA studies involving extensive datasets must include details on handling the data. This
will allow for a fair comparison and provide insights into the uncertainties associated with
the results to ensure a cautious interpretation of the conclusions.

Concerning the cultivation systems in this study, we found that green peas produced
by conventional farming systems were generally more environmentally impacting than
organic peas for all the impact categories assessed. However, data for organic farming
agricultural products were unavailable, potentially biasing the results in favor of organic
peas. Further research is required to properly characterize these products for a balanced
comparison. Moreover, some organic farms with no yields due to biotic and abiotic factors
were excluded from the study. There were also few organic farms compared to conventional
farms, resulting in an asymmetrical comparison. Although this is a true reflection of the
current reality, there is greater uncertainty regarding the organic farm results since the small
sample size affects precision and accuracy and introduces some biases, complicating the
interpretation of the results. Hence, selecting the more environmentally friendly farming
system should be based on factors influencing productivity, like cultivar, soil, and climatic
conditions. Including iLUC also significantly affected several impact categories. For
climate change, iLUC accounted for nearly half of the total impacts in both conventional
and organic peas. Although controversial, the study highlights the importance of including
iLUC in LCA to avoid burden shifting in food production.

The study also found that the total CC for producing 1 kg of frozen peas at the
factory gate was 0.85 kg CO2 eq. (excluding iLUC). Cultivation was the most impacting
phase, contributing more than 50% toward several impact categories, while transportation
and packaging were the least impacting. Direct emissions from applied fertilizer were
the main impacting substances and processes for the cultivation phase. Thus, reducing
nitrogen emissions through reduced fertilizer use and improving nitrogen use efficiency
by incorporating nitrification inhibitors could significantly reduce the total impacts of pea
cultivation. Farmers should be encouraged to limit nitrogen use since peas have nitrogen-
fixing ability. Enhancing efficiency and minimizing impacts during the cultivation phase
can significantly advance the overall environmental sustainability of frozen peas, fostering
our collective efforts toward promoting the consumption of sustainable diets.

Moreover, increased consumer demand for fresh peas can result in a corresponding
expansion in cultivation practices, potentially leading to dLUC and iLUC. It is crucial
to prioritize the promotion of frozen peas due to their extended shelf life and relatively
minimized postharvest losses. This shift can be advantageous as the processing and storage
phases have a reduced impact on land use and other environmental impacts compared to
cultivating additional fresh peas. While this transition may necessitate increased energy
consumption, a strategic move towards renewable energy sources can mitigate environ-
mental consequences. Furthermore, pea residue management through anaerobic digestion
resulted in substantial credits for some impact categories, such as water use and human
toxicity. Although pea residue management through anaerobic digestion has some bene-
fits, waste minimization by enhancing pea processing efficiency can lead to better results.
Identifying innovative ways to valorize the residue can confer even greater environmental
benefits. The findings obtained in this study are specific to the analyzed Italian system and
should be interpreted within that context, and we caution against overgeneralization of
these findings.
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