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ARTICLE INFO ABSTRACT
Editor: Paul Crosson CONTEXT: Scoping or initial life cycle assessments (LCAs) occur in the absence of conformity to existing stan-
Guest Editor: P Goglio dards and often contend with limited data. This is particularly the case for agricultural food value chains.
Nonetheless, such studies can play a valuable role in delivering policy-relevant insights and serving as a pre-
Keywords:

cursor for a more complete analysis. However, in practice, such studies may be conducted within the framing of
larger projects and be undertaken by subject specialists rather than LCA practitioners.

Agri-food supply chain OBJECTIVE: This study seeks to bridge a gap in the literature to provide practical guidance on methodological
animal and plant-based foods pitfalls that may complicate the development of initial LCAs to the point of a minimal viable product (i.e., usable
Groceries-food-basket LCA insights or a functioning platform for a more targeted analysis). In this case, our ideal target audience is subject
Scoping LCA specialists in the agri-food sector, but not necessarily LCA practitioners.

METHODS: This study undertook a structured review of some of the requirements of LCA through the lens of the
stages of an LCA and framed by considerations of what a minimum viable product needs. This was supported by
the generation of illustrative (plant and animal-based) LCA results produced as part of a commodity ‘food
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basket’. While these terminate at the farm gate based on UK conditions, another illustrative comparison (UK and
Spanish tomatoes) is compared up to a substitutable point along the value chain, i.e., a UK distribution centre.
RESULTS AND CONCLUSIONS: Within this work, proposed minimum data requirements are presented along with
results for several case studies demonstrating important environmental hotspots. The results demonstrate the
importance of interpreting impact hotspots, showing how most commodities will demonstrate life cycle stages
that are significant for most environmental impact categories, but not all. For example, in the case of glasshouse-
produced tomatoes and broiler chickens, the production of heat and feed is seen as crucial for many impact
categories such as Global Warming Potential (GWP), whereas field/farm-based leachate and litter management
dominate eutrophication and acidification impacts. Taking a reflective approach, the potential sources of error in
developing the exemplar case studies are discussed along with strategies for addressing these.

SIGNIFICANCE: There remains a clear need to formulate practical guidance and recommendations for conducting
an initial LCA, highlighting crucial data needs and potential strategies to overcome identified barriers. This paper
has shared perspectives on conducting a transparent and reliable scoping study, identifying potential data gaps,
limitations, and the complex nature of agricultural value chains, using representative case studies which can be

used to further develop more insightful LCAs.

1. Introduction
1.1. Background

Continuous improvement of agri-food production systems (AFPSs)
around the globe is essential to mitigate and adapt to climate change,
reduce biodiversity loss, and achieve both sustainable and human
development goals (Halpern et al., 2019; Notarnicola et al., 2012). In
this context, Life Cycle Assessment (LCA) is recognised as a valuable
technique for assessing the intensity of environmental burdens and
resource use in AFPSs, enabling analysis of trade-offs throughout the
product life cycle and beyond. LCA is a complex and iterative technique
that provides comprehensive and systematic assessments of environ-
mental impacts, supports decision-making, and facilitates continuous
improvement of AFPSs toward more environmentally responsible
practices (Notarnicola et al., 2017; Notarnicola et al., 2012; Soussana,
2014).

However, given the complexity of AFPSs, conducting an initial
LCA—also referred to as a scoping, streamlining, screening, preparatory,
or preliminary LCA (Beemsterboer et al., 2020; Gradin and Bjorklund,
2021; Hung et al., 2020)—has been recognised as a valuable approach to
help with:

a) understanding the key issues of boundary setting,

b) deciding on data collection and analysis, and

c) defining impact categories, thus enabling a more focused and effi-
cient analysis (Barthel et al., 2017; Barthel et al., 2014).

A scoping study refers to an initial stage in the LCA process, acting as
a self-contained precursor to a “full” LCA. A full LCA complies with the
general International Organisation for Standardisation (ISO) standards
(ISO, 2006a) for conducting LCA (ISO, 2006a, 2006b). ISO compliance is
important for maintaining rigour but can be time- and data-intensive. An
initial LCA is, therefore, part of an iterative process that can identify key
stages in the agri-food supply chain contributing to environmental im-
pacts, thereby informing initial strategies for impact reduction and
prioritisation around the most significant impacts or benefits associated
with the system (Barthel et al., 2014).

Initial LCAs can make valuable contributions to both scientific
literature and policy advice when they meet minimum quality stan-
dards. However, what these standards entail in practice is not neces-
sarily clearly defined or easily operationalised. The quality of non-ISO-
compliant AFPS LCA publications varies considerably, potentially
leading to misconceptions.

On the one hand, LCA practitioners face a wide array of challenges in
undertaking assessments for products and processes in AFPSs due to
regional data unavailability, difficulty in determining boundaries and
functional units (FUs), and complex relationships between inputs,
environmental conditions, and outputs within multifunctional systems

(Notarnicola et al., 2017; Ponsioen and van der Werf, 2017). While these
challenges are universal, they are particularly impactful for AFPSs. For
instance, the dynamic nature of a herd in an animal production sys-
tem—where animals contribute multiple co-products to different mar-
kets—adds significant complexity to system modelling. Similarly, the
spatial and temporal variability in yields, input needs, and environ-
mental impacts inherent to crop production systems further complicates
data collection, system representation, and interpretation.

On the other hand, several methodological guidance documents exist
to support hotspot analysis in various sectors (Barthel et al., 2017;
Barthel et al., 2015; Barthel et al., 2014; Hung et al., 2020). However,
there is no globally accepted standard for conducting a scoping analysis
on AFPSs that focuses on techniques for working with incomplete or
scarce data and creating an inventory that meets minimum data quality
requirements (Gradin and Bjorklund, 2021). Indeed, many initial LCA
studies extend beyond what would typically be anticipated for a scoping
study. Counterintuitively, the presence of numerous existing studies and
data sources can complicate the selection of relevant data or exemplar
studies to serve as templates for the scoping study. These sources are
often incoherent, opaque, unrepresentative, not entirely applicable to
the study, or outdated.

In some cases, the impact assessment results derived from such sec-
ondary data sources—Agri-footprint (Blonk et al., 2022; van Paassen
et al., 2019), AGRIBALYSE (Colomb et al., 2015; P. Koch, 2015), World
Food Life Cycle Database (WFLDB) (Bengoa et al., 2015; WFLDB, 2022),
Ecoinvent (B.P. Weidema, 2013; Spindler and Ciroth, 2022)—may be
dominated by erroneous inventory parameters (e.g. lack of temporal or
geographic representativeness, non-verified assumptions regarding fer-
tiliser and pesticide use, and land use), deviating allocation methods,
and generic emission modelling. In some cases, product names in sec-
ondary databases match the description but link to a different product
used as a proxy, as seen in the AGRIBALYSE database (Colomb et al.,
2015).

Therefore, LCA practitioners must be cautious when using secondary
sources for processes that are central to the scoping study. Hotspot
analysis is crucial, requiring practitioners to recognise erroneous hot-
spots or those heavily influenced by poor data quality. By doing so, er-
rors can be eliminated, and the quality of important parameters
improved.

There is also no widely agreed method for operationalising the
findings of hotspot analysis into practicable knowledge and under-
standing for use by businesses, policymakers, and other AFPS stake-
holders. Zampori and Pant (2019) have proposed a method to conduct
hotspot analysis—defined as flows that collectively contribute to >80%
of an impact—consistently. However, in practice, this interpretation is
challenging to apply consistently across similar processes and diverse
impact categories.
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1.2. Literature review

Despite the standardisation efforts by ISO 14040/14044, the
framework inherently leaves LCA practitioners with a range of choices
which, if not considered properly, can affect the legitimacy of the results
(ISO, 20064a, 2006b; Ponsioen and van der Werf, 2017; Weidema, 2014).
Several efforts have been undertaken to harmonise these methodolog-
ical and practical challenges, more specifically in AFPSs (Gheewala
et al., 2020; Goglio et al., 2024; McAuliffe et al., 2023a; McAuliffe et al.,
2024; McAuliffe et al., 2020; McAuliffe et al., 2018; Notarnicola et al.,
2017; Ponsioen and van der Werf, 2017; Poore and Nemecek, 2018).
These studies identified recurring methodological and practical issues,
including FU definition, improper system boundary setting, inconsistent
allocation methods, data gaps, and a lack of coherent tools and datasets
for conducting LCA studies. Whilst many of these challenges are well
recognised in full-LCAs, they are equally, if not more, pertinent in initial
LCAs where simplification often hides methodological compromises that
may have been applied.

A more meaningful FU definition reflecting food’s multifaceted
functions, notably nutrition, social aspects, or cultural functions, is
clearly one of the critical aspects in agri-food LCAs (Costa et al., 2020;
Fan et al., 2022; McAuliffe et al., 2020; Nemecek et al., 2011; Nota-
rnicola et al., 2017). Moreover, the rapidly evolving nature of technol-
ogy and methodology further complicates the ability to make accurate
predictions even for initial LCAs, as assumptions based on current values
on FU, system boundaries, and allocation issues (including in LCI da-
tabases) may quickly become obsolete (Notarnicola et al., 2024; Nota-
rnicola et al., 2017; Notarnicola et al., 2012). As literature (McAuliffe
et al., 2024; McAuliffe et al., 2023b; McAuliffe et al., 2020) emphasised,
global environmental awareness is driving consumer-centric research,
which has led to nutritional-LCA, which explores the intersection of
environment and nutrition, rather than traditional LCA, which has been
used to identify environmental hotspots in the agri-food supply chain.
On the other hand, Poore and Nemecek (2018) emphasise that both
production efficiency improvements and dietary changes are vital for
reducing food’s overall impact, offering broader intervention points on
system boundaries and defining the FU. Although, as highlighted by
other commentators such as McAuliffe et al. (McAuliffe et al., 2023a;
McAuliffe et al., 2017), a protein-based indicator ideally needs to
consider protein quality. Similarly, Pérez et al. (2024) highlighted the
need to recognise the final objective or the system function of focus (i.e.,
producing fruits, cultivation and area, economic benefits, or nourishing
people) to draw valid conclusions in LCA studies. A clear and detailed
explanation of the allocation procedures and decisions made following
the ISO guidelines, as well as a rationale for prioritising one allocation
over another, is essential for transparency in any LCA study (Dominguez
Aldama et al., 2023; Pelletier et al., 2015). However, a majority of LCAs
do not offer a clear rationale on allocation related to multifunctional
systems (Dominguez Aldama et al., 2023; Ponsioen and van der Werf,
2017). Similarly, Wilfart et al. (2021) emphasise the common conflicts
of interest in the allocation in the meat supply chain. Even though
economic allocation is preferable in many instances in the literature,
they highlighted the “inability to choose a single best allocation rule
based on scientific and technical arguments alone” ((Wilfart et al.,
2021); page 10) and recommended revising the ISO 14040/14044 hi-
erarchy of allocation rules. Ardente and Cellura (2012), also highlighted
that even though ISO 14044 guidelines direct economic allocations as
one of the last resorts, they simply illustrate properties of complex
systems.

A specific inventory dataset is needed to address the specificities of
AFPSs, including regional representation (Notarnicola et al., 2024).
Notarnicola et al. (2017) emphasise the need for tailored approaches in
LCA for food systems due to their inherent complexity and variability.
They highlighted the urgent need to improve the quality of LCI data,
including in LCA databases, representing the inherent variability of the
agricultural systems. Additionally, Poore and Nemecek (2018) meta-
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analysis provides a crucial grounding for new LCA practitioners by
demonstrating the immense variability in environmental impacts even
for the same food product thereby underscoring the limitations of using
averages. The paper also highlights the necessity of considering multiple
environmental indicators simultaneously to avoid problem shifting and
provides a vast, harmonised dataset that can serve as a valuable initial
LCI resource. Pernollet et al. (2017) showed that limited-depth methods
can also remain robust depending on the goal of the study. They
developed three simplified methods for LCA of foods and diets and
concluded that, compared to a full LCA with inadequate system
boundaries, the simplified LCA methods can yield more accurate results
at a lower cost of data collection.

A wide array of studies presented initial LCA for the early system
planning and design in many fields: biobased material (Heidari et al.,
2019), fabric technologies (Dowson et al., 2012), pharmaceutical
manufacturing (Budzinski et al., 2022), solid waste management (Wang
et al., 2021), and the Food and feed sector (Beemsterboer et al., 2020).
Despite the widespread use of streamlined studies, there is a relative lack
of literature that discusses the pros and cons of simplification on its own
terms, in practice and methodologically (Beemsterboer et al., 2020). The
practical challenges faced in initial LCA in different fields have been
widely recognised but inconsistently documented (Barthel et al., 2014;
Gradin and Bjorklund, 2021). However, Kiemel et al. (2022) identified
five simplification strategies of LCA in the early stage of industrial and
product development applications and correlated these strategies with
barriers related to time and effort, complexity, and data intensity. Gra-
din and Bjorklund (2021) reported ten simplification categories, iden-
tified the need for a standardised taxonomy and reporting template for
the simplification process. Additionally, (Arzoumanidis et al., 2017;
Arzoumanidis et al., 2014) have discussed simplified LCA approaches
used in the food sector and highlighted the importance of having dedi-
cated and simplified software tools. Casson et al. (2023) based on a re-
view of 79 tools, recommend approaches towards transparency and
strategies to avoid superficial outcomes in simplified LCA that have been
developed for non-expert users in the agri-food sector.

Even though direct identification of initial LCAs in the agri-food
sector is limited, various publications report initial LCA results and
conclusions with the purpose of providing advice to help guide policy
development (Adewale et al., 2016; Ferguson and Ramanathan, 2020;
Frankowska et al., 2019; Webb et al., 2013; Williams et al., 2010) Any
type of simplification increases the uncertainty of LCA results (Liu et al.,
2024), and the problem is further exacerbated by the fact that, in many
instances, only a qualitative uncertainty analysis is feasible in these
initial LCAs (Igos et al., 2019).

1.3. Objective

This paper aims to present practical and methodological recom-
mendations for planning and conducting an initial LCA for AFPSs,
focusing on appropriate techniques for working with readily availa-
ble—but often incoherent—data as a starting point in study design.
Specifically, it seeks to share propositions for planning and executing a
qualitatively and methodologically coherent initial LCA, with an
emphasis on data needs and risks in targeted life cycle stages, particu-
larly in light of data availability and quality limitations.

These propositions are framed within the context of an initial LCA
study, outlining associated risks, challenges, limitations, and strategies
to overcome them, while focusing on key aspects that support the
transition to full LCAs. By way of example, a selection of commonly
produced commodities—beef cattle, pigs, broiler chicken (all expressed
in liveweight terms), eggs (from layers), ware potatoes, wheat grains,
and fresh tomatoes—are included as “cradle-to-farmgate” and “cradle-
to-field gate” case studies for livestock and crop products, respectively.
These commodities are of international importance in terms of both
market demand and their contribution to sectoral emissions (Defra,
2023; Defra, 2022; USDA, 2023).
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Table 1

Idealised distinction of an ‘initial’ LCA and a full’ LCA.

Initial LCA

Full LCA

Basic function

Granularity

Resources and
time
availability

Setting

Data
requirement

Application

Strengths

Weaknesses

Conforming to
Existing
Standards

To gain insight into the
determinants of the
environmental impact and its
scale

Broader and more
generalised view (dependent
on the setting)

Less intensive in resources
and time (dependent on the
context)

Broader scope, inclusion of
specific and more generalised
data and assumptions

Relies on aggregated or
secondary data in the first
instance.

(lower data precision and
quality requirements)
Identify major hotspots/
areas for improvement/data
gaps/comparisons

Provides insights on
potentially important
contributors to
environmental impact and
directions for better
judgments on deciding the
goal/scope of a full LCA
Difficult for definitive claims/
conclusions to be made
without additional
uncertainty analysis

Partially conforming to
standards (i.e. compliant in
some aspects only, but not
all)

To conclude on the
environmental impacts and
enhance understanding about
the unit processes

Detailed and specific view

Higher resource intensity

As data quality needs to be
ensured before additional
sensitivity/uncertainty
analysis

More focused scope, detailed
data requirement, more
comprehensive analysis/
interpretation

Comparatively higher data
quality (primary or secondary
data) requirements
(relatively higher data
precision)

Same as scoping study, but
expanded role in informing
specific sustainable decision-
making and marketing
positions.

Provides a more detailed and
comprehensive understanding
of the uncertainty in data
quality and limitations of
derived insight/results

More detailed data coverage is
needed. Takes more time and
budget (even after review,
conclusions may still be
contentious)

Complaint in most, if not all
aspects of established
standards

LCA studies may be conducted by subject-area specialists (e.g. in
horticulture or livestock), but not necessarily by LCA specialists.
Therefore, the intended audience for this work includes emerging LCA
practitioners—such as students, researchers, and consultants—who are
seeking practical guidance. In many cases, LCAs are undertaken as part
of a broader project. However, limitations due to data gaps and risks
associated with the misuse of available data may be intractable in the
short term. A better understanding of these issues and potential rem-
edies will help determine whether such an LCA exercise can reasonably
meet the needs of the wider project.

2. Methods

Framed according to ISO 14040 and 14044:2006 guidelines (ISO,
2006a, 2006b), the following sections provide the evidence outlining an
initial LCA case study of a representative grocery food basket, high-
lighting limitations, and recommendations whilst demonstrating how to
inform a more in-depth analysis towards a full LCA.

2.1. Understanding the initial and full LCAs

The primary objective of doing an initial LCA is to gain an initial
understanding of the environmental impact of products, identify the
areas with the highest impact (hotspots), compare the impact to refer-
ence studies, and prepare for a detailed and comprehensive LCA
(Beemsterboer et al., 2020; Klopffer and Grahl, 2014; Nicoletti and
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Notarnicola, 1999). A full LCA differs from an initial scoping study in
that it requires more structured and detailed reporting of the goal and
scope, inventory data and results. This includes a comprehensive data
quality assessment, sensitivity and uncertainty analyses, careful inter-
pretation, and a critical external review. These steps are essential in
generating conclusions on the hotspots and absolute scores, and when
comparisons are explicitly defined in the goal and scope. What distin-
guishes an initial LCA is that it is often undertaken with limited data and
with a focus on inputs and activities that are likely to disproportionally
embody burdens. In theory, the setting of an initial and a full LCA also
differs in terms of the depth and extent of the assessment (Table 1).
However, it should be noted that there is no strict delineation between
the level of detail that constitutes a scoping study, as that will depend on
the system under review and the goals of the analysis. The only real
distinction then is that initial LCAs do not fully conform to the ISO
14040 and 14044 standards; however, such studies can provide valuable
insights when they assure transparency and avoid misinterpretation. We
argue that many published studies (particularly when LCA is not the
primary focus of a study) will fall into this category. A schematic dia-
gram of the initial LCA implementation is presented in Fig. 1.

2.2. Defining the goal and scope

The first stage of any LCA involves an accurate description of the goal
and scope in the form of research questions and identifying the intended
application and target audience. A limited or internal study may not
necessitate ISO compliance, whereas claims of impact reduction ideally
should. Goal and scope definition include defining the geographical,
process, and temporal boundaries and the system type (ISO, 2006a). For
AFPSs, a study examining the impact of agronomic management may
not necessitate inclusion or post-harvest on-farm processing. Dis-
tinguishing the practices (e.g., transport, processing, storage, etc.)
relevant to the study objective will reduce the burden of data gathering
and add clarity to the comparison of alternatives. Each AFPS has unique
characteristics that must be considered when defining the goal and
scope (Notarnicola et al., 2017; Poore and Nemecek, 2018). As sug-
gested by Bessou et al. (2013) LCA will yield more relevant and
actionable insights by ensuring that the goal and scope are tailored to
the specific AFPS.

The goal of the illustrative case study presented here is to carry out
an initial cradle to farm or field gate LCA on some representative animal
and plant-based agricultural food commodities produced in the UK, to
identify data gaps and potential environmental and agronomic hotspots
while highlighting the potential risk of using limited-quality data.
Furthermore, this will give the relevant insight for additional quantita-
tive investigation for a more detailed full LCA.

2.3. Defining an appropriate functional unit

In the ISO 14040:2006 standard, the FU is defined as the “quantified
performance of a product system for use as a reference unit” (ISO,
2006a). The FU serves as the basis for quantifying flows and impacts,
allowing the comparison based on functional equivalency when chosen
correctly. A key challenge in defining FU is selecting an appropriate FU
for a multi-functional system (with co-products or processes) and
determining the influence of this choice on ultimate results (Fan et al.,
2022; McAuliffe et al., 2023b; McAuliffe et al., 2024; McAuliffe et al.,
2020; Notarnicola et al., 2017). ISO standards specify that FU should be
quantifiable and based on a clearly defined goal and scope (Panesar
et al., 2017). Imprecise definitions (e.g. not distinguishing dry versus
wet material) frustrate informed comparisons. Fig. 2 presents a simpli-
fied guidance on deciding a relevant FU.

Mass and volume-based FU are more predominantly used in
comparative agri-food LCA studies, instead of using actual functions like
nutrient and energy supply, and the economic value (McAuliffe et al.,
2020; Ponsioen and van der Werf, 2017). Mass-based FU can be easily
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Fig. 1. Conceptual framework for distinguishing key steps of an initial LCA (in blue) and transition from an initial LCA to a full LCA (gold) in terms of LCA stages (a),

alternatively represented as a nested process (b).

quantified, and the reference flows in terms of Life Cycle Inventory (LCI)
is comparatively straightforward. Consideration of the FU is closely
related to consideration of study boundaries and requires awareness of
the activities included and not merely the boundary definition
(Notarnicola et al., 2017). For example, some commodities, such as
orchard fruit, may be cooled on the farm or alternatively transported to a
nearby cool house. Therefore, distinguishing between the field and
farmgate boundary is important, requiring clarity on the specific value
chain endpoint. Also, in some cases, product descriptions may be
misleading, for example, ‘fresh’ may imply recently harvested or

produce kept under chilled conditions, whilst ‘chilled’ may have un-
dergone prior freezing. An inaccurately defined FU can lead to improper
selection as an input when extending the study boundary, thereby
misrepresenting the actual value chain in a full LCA. Further, several
studies discussed the need for multiple FU(s) to capture complex in-
teractions in systems. Studies, such as (Nemecek et al., 2011) demon-
strated the use of multiple reference unit to avoid potential misleading
in systems comparison in integrated and organic farming systems while
(Pérez et al., 2024) explain how the choice of FU can significantly in-
fluence the relative carbon footprint of different soft fruit production
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Product/System/Service in an Agri-food

system

l

1. Define important properties

« Mass
(kg, ton, etc.)

« Energy content
(kcal, kj, etc.)

« Other physical properties:
volume (m?, L, etc.);
composition (organic, inorganic
nature, etc.)

« Function
(based on activity and/or
service/performance on its own,
or share in relation to specific end
product/use, etc.)

« Nutritional value
(kg protein, nutritional score, etc.)

« Economic value
(£, $, etc. per unit weight)

« Matrix of above (as relevant)

——  »< 2. Need to compare?

3. Can compare?

N
= 6. Ensure to include
properties and quality
| aspects reflecting the goal
and scope
YES

7. Transparently

>l[ communicate the

comparable extent

5. Redefine properties
Find additional comparable
functional unit with other
characters and/or a matrix of
above

4. Still want to compare?

Fig. 2. Simplified guidance on deciding a relevant FU (European Commission, 2010; ISO, 2006b; I1SO, 2006a)(European Commission, 2010; ISO, 2006b, ISO, 2006a).

systems, meaning that the preferred production option depends on the
metric of comparison. Costa et al. (2020) highlighted the use of multiple
FUs to represent multifunctionality in crop rotation, to capture both the
outcomes of entire rotation sequences and product footprints, in line
with Goglio et al. (2018), who emphasised the importance of dis-
tinguishing between product and systems LCA in cropping systems.

In this study, a mass-based FU has been used to compare the envi-
ronmental burdens of selected commodities due to its simplicity. By way
of illustration, the environmental performance of lowland suckler beef
calves (with minimal time indoors), indoor pig, and broiler production
systems has been evaluated using the FU of 1 kg liveweight at farmgate.
Chicken eggs were evaluated using the FU of 1 kg of eggs at the farm-
gate. Similarly, life cycle environmental burdens and resource use for
producing 1 kg of fresh field crops (ware potatoes and wheat) and
protected horticultural products (tomatoes) were considered at the field
gate, excluding post-harvest processing. These choices reflect the focus
of the scoping study on comparing agronomic production systems and
merit consideration when interpreting comparative results.

2.4. Determine the co-products, allocation methods in a multifunctional
AFPS

According to the hierarchical guidelines in ISO 14044:2006, multi-
functionality should be managed by:

(i) subdividing the system to separate processes when feasible,

(i) using system expansion, which accounts for the impacts avoided
by producing co-products that displace the need for other
products,

(iii) partitioning based on a physical relationship between inputs and
products, if such a relationship exists, and

(iv) other allocation methods, such as economic or energy-based
allocation, if no physical relationship can be identified (ISO,
2006b).

While the ISO hierarchy provides a clear framework, several chal-
lenges arise when applying these methods to AFPSs (Notarnicola et al.,



L. Thushari et al.

Agricultural Systems 234 (2026) 104668

Table 2
Allocation methods across food basket case study.
Agricultural commodities/ Main issue Allocation method-used in ~ ISO Hierarchy Rationale
Multifunctional outputs this study position
Agricultural Main
commodity waste
Beef Cattle. i.e. 2 Manure Herd dynamics at farm gate; Bio-physical based on live Allocation based Biophysical allocation helps to trace the flow of
year old calves System complexity (i.e., beef weight at point of sale for on bio-physical biological inputs or functions. It determines how
sold. Spent production involves multiple stages: beef calves, cows and conditions much feed, energy, or emissions go into producing
Straw from breeding till slaughter or bulls. protein or carcass mass.
distribution)
Diet and production system Approx. 80% allocated to
variability Beef cattle.
Live Swine Manure The system produces multiple co- Allocation occurs during Mass-based bio- The process distinguishes two interconnected
products in different stages. piglet rearing based on physical stages:
mass (95% allocation to allocation - Sow/piglet rearing: in where allocation happens
piglets). based on biophysical conditions
-Gilt rearing in which 100% of the impact is
Piglets are an input into allocated to live pigs (as the mortality rate was
pig rearing with 100% sufficiently low to constitute a negligible co-
allocation. product (similar rate for broilers)).
Chicken Broilers Manure In practical terms, the main co-product is related to mortality, but the assumed mortality rate (0.04) and low economic value resulted in negligible
Feathers allocation. For higher mortality rates (0.10), this becomes more consequential.
Eggs (from layers) Spent None considered, as a similar reason to the above. Due to the lower economic value of spent hens, all the allocation has been provided to eggs.
hens.
Ware potatoes Crop None considered as crop waste has negligible economic value.
waste
Wheat grains Straw Economic Allocation based Wheat grains and straws serve different functions
Fertiliser use on the economic and have different economic values.
Variability of the edaphoclimatic value Given the economic value of grains (92%) and
conditions straws (8%) in the market economic allocation
considered
Tomatoes-in Crop None considered as crop waste has negligible economic value.
polytunnel waste
Tomatoes-in Crop None considered as crop waste has negligible economic value.
heated waste

greenhouse

2024; Notarnicola et al., 2017; Pelletier et al., 2015; Ponsioen and van
der Werf, 2017; Weidema, 2014). However, allocation LCA, given its
industrial origins, becomes more complex when multiple (and inter-
mediate) products are involved, as is the case in agricultural systems.
Subdividing unit processes in agri-food LCAs is often impractical, as
different parts of a plant or animal that result in distinct co-products
cannot be easily separated. For example, raw milk, newborn calves,
and live weight are all produced by a single animal and cannot be
divided into discrete sub-processes.

Biophysical co-product allocation is feasible in many AFPSs when a
physical and causal relationship exists between inputs and co-products.
However, such approaches have not been sufficiently elucidated,
particularly regarding how selected physical parameters accurately
represent causal mechanisms in these systems (Mackenzie et al., 2017).
For instance, in dairy farming, if allocation is based solely on protein
content, the environmental burden of milk may be overestimated, as
milk production involves different processes and energy use compared
to beef production from the same cow.

In practice, environmental impacts of AFPSs are often apportioned
based on the market value per unit of each co-product, multiplied by its
yield, and divided by the total revenue. (Ponsioen and van der Werf,
2017) advocate for economic allocation in multifunctional agricultural
processes, while (Ardente and Cellura, 2012) identify it as a simplified
method for illustrating complex product attributes. However, while
economic allocation offers a practical solution, it is sensitive to short-
term market fluctuations (e.g. supply and demand, policy in-
terventions), which may not adequately reflect the true environmental
cost of production, potentially leading to misestimation of specific co-
products.

A purely biophysical approach may allocate a significant portion of
the impact to a product with limited utility. Conversely, studies by Chen
et al. (2017) and Wilfart et al. (2021) show that economic allocation can

ignore resource efficiency and omit resource streams with no economic
value. Distinguishing waste from low-value outputs based solely on
economic criteria can also lead to inconsistencies with ISO standards,
which recommend allocating environmental burdens only among co-
products (Wilfart et al., 2021). Therefore, consistent value data—both
geographically and temporally—are needed, along with informed
judgment to distinguish low-value co-products from waste.

In this study, mass allocation based on livestock liveweight was used
to distribute environmental burdens among livestock co-products, as it
was the simplest method and aligns with one key input LCI (piglets) that
already applied this approach. However, economic allocation was used
for one product—wheat—as the co-product (straw) was produced in
sufficient quantity to detract from the main function of the production
system. Table 2 presents the allocation methods used in this study.
Table 1S (supporting materials-A) presents some recommended alloca-
tion strategies used for representative multifunctional AFPSs.

2.5. Selection of an appropriate system boundary

System boundary selection involves identifying the potentially rele-
vant unit processes and their flows of energy and matter in relation to
the goal of the study. According to ISO 14040, a unit process is defined
as the smallest element considered in the LCI analysis for which input
and output data are quantified (ISO, 2006a) Within the system bound-
ary, unit processes are represented along with their interrelationships in
terms of the flow of inputs, outputs, and intermediate products. In some
cases, unit processes may be excluded from the system boundary if they
are deemed to have an insignificant impact on the results (ISO, 2006a).

Decisions regarding inclusion or exclusion should be based on
identifying the point at which one system transitions into another. A key
risk arises from overly constrained boundaries, which may omit
important trade-offs. For example, excluding post-harvest activities may
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Fig. 3. a: Value chain of a typical AFPS.

b: An indicative system boundary of the considered ABFP and PBFP systems. Upstream and downstream farm activities are different for each crop and livestock
production system considered. The boundary in this case terminates at the farm gate for livestock and the field gate for crops. For our case study, additional activities
such as chilled storage are excluded but will fall within the boundary of other studies.

simplify the isolation of field-level impacts, but it does not reveal
whether these impacts are offset or exacerbated by subsequent activities.
Ideally, boundary delineation should distinguish separate value chain
stages that can be examined both independently and collectively. In
such cases, a study may separate field-level activities and post-harvest
processing as distinct but interconnected value chain stages.

Reviewing existing inventories for similar products can help deter-
mine which processes and flows should be included in a particular study,
which flows appear negligible, or where omissions in individual studies
can be compensated through amalgamation. The study boundary ulti-
mately determines the types of questions that can be addressed. For
example, questions related to import substitution require consideration
of processing, losses, and transport up to the point at which comparable
value chains intersect.

In the case studies examined here, a selection of widely consumed
conventional UK animal-based food products (ABFPs) and plant-based
food products (PBFPs), considering both market demand and contribu-
tion to the sectoral emissions, was considered. Beef cattle, Swine,
chicken (broilers), eggs from layers, fresh ware potatoes, fresh wheat
grains, and fresh tomatoes were included, and the boundary was fixed
from ‘cradle to farm’ and ‘cradle to field gate’ for the identification of
major hotspots for livestock and crop commodities, respectively. The
farmgate was chosen as a boundary for the livestock case studies as they
are initial, agronomic focused analyses, being precursors to subsequent
expansion, which will include the additional stages. This also allows
comparison on the basis of agronomic practices. As the livestock case-
study reflects to the period where the animal has reached a sufficient
age to be processed, it includes time on the farm (and off the field) but
excludes additional processing steps.

Furthermore, some practices—such as chilled storage—may occur
either on or off the farm, further complicating comparisons. For this

reason, the field gate was used as the boundary for crops in which no
additional chilling or similar post-harvest processes were included
(unlike studies such as (Williams et al., 2006). This approach aligns with
the wheat case study, which reflected the temperature conditions during
the harvest study period (2021/22). The recorded moisture content for
that year (13.5-14.5%) suggested that minimal additional drying was
necessary (AHDB, 2022a), although some regions may require addi-
tional grain cooling.

Therefore, what is separated by the ‘farm’ boundary requires careful
consideration when comparing nominally equivalent FUs. In the case of
tomatoes, two production systems—UK-based heated glasshouses and
Spanish unheated polytunnels—were considered to reflect the need to
account for differing impact categories across production systems. In
support of this, we argue that, where possible, the FUs should include (at
least initially) the quantity, quality, and position of the product within
the value chain.

A typical value chain of an AFPS will extend beyond the farm gate
and is presented in Fig. 3a, whilst the system boundary of the considered
case study is shown in Fig. 3b. The main upstream activities considered
were the production of agricultural inputs (such as fertiliser, pesticides,
herbicides, and feed compounds), energy, machinery, and housing. The
intercontinental and international transportation of the inputs has been
considered using waterways (shipping), where a feasible inland route is
not available. For domestic transportation, trucks and (at the farm/local
level) tractors of different capacities have been considered for longer
and shorter distances, respectively. The input of energy at various stages
of the production chain is in the form of natural gas, diesel, and elec-
tricity, as per the requirements and availability for each individual unit
process. The energy is used in various forms, such as electricity (for
ventilation, lighting, and water pumping), natural gas for heating, and
diesel (for agricultural inputs and feed production, transport). For
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This means that insights arising from such a comparison should be
viewed with caution when there is likely to be a significant subsequent
processing step, as the cradle to gate may reflect a comparatively smaller

example, an additional comparison of Spanish and UK tomatoes,

including post-harvest chilled storage and transport to a regional dis-

tribution centre in the UK.



L. Thushari et al.

Agricultural Systems 234 (2026) 104668

N losses to Air:

NH3, NOx, CO,, CH,

N & P losses to Water:
NHy4, NO3', PO,

’ Background systems

Main Systems

Land use
changes
»  Appropriate
S| Land
2 A
2
1
E
Qo
[
2]
=
c 1
S & \ 4 |
SE 2
- o Animal Feed c
et ? &
o= =
= A = »
ga £ 8 - 5
s = E o 5
zZ5 3 £ « £ ]
=& 2 < P c 8
T = = 9 > 2 £
s 9 S ) 0 o
35 I~ = B s o
- - (<)) 5 g 2
S g = £ £ £ =
[ 4 0
\ 4 A\ 4 \ 4 v
—> A
Fertiliser I Crop Livestock
—> Production Production
Energy
Legends 2
g Manure <
Management

Revenue
vy (Product/Co-products)

Emissions to Air and Water

Fig. 4. Direct and indirect relationship between various factors in a typical AFPS up to the primary production (Farm gate).

“hotspot” compared with other processes. Whilst comparison of farm
level results is legitimate, it is important not to extrapolate to compar-
ison at the distribution and/or consumer level.

2.6. Determination of data requirements for inventory generation

Determining the data requirements early in the study is vital, as it
allows data collection efforts to be focused on the most important var-
iables. These requirements will need to be re-evaluated and possibly
revised during the interpretation phase. Existing studies (and exemplar
LCIs) with an equivalent FU, boundary, and setting can serve as tem-
plates for data acquisition, including guidance on the units in which

10

such information may be expressed. However, this should be
approached with caution, as each study will have distinct objectives and
boundaries. Developing a data collection plan is critical for obtaining
accurate and reliable data (Klopffer and Grahl, 2014). Depending on the
scope, this could include information on the data sources to be used, the
methods for collecting data, and the quality assurance methods (Barthel
et al., 2014). A clear delineation between crude material inputs (inter-
mediary and final products), co-products, and waste (Amicarelli et al.,
2021) by receiving environment and mechanism (e.g., runoff, leachate)
will assist in developing an appropriate data gathering template. An
important consideration is identifying which outputs have a direct
causal/stoichiometric relationship to the inputs (Fig. 4).
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Table 3
Commonly found sources of error/uncertainty in the secondary data for studies
terminating at the farm gate.

System Potential sources of error/uncertainty

Crop production o Incorrect reporting/assumptions of

Fertiliser use over/under-estimation when estimating appli-
cation solely based on plant/soil needs

Higher level/Tier 1 fertiliser emission modelling based on
simple assumptions of N-N,O emission factor

Failure to consider CO, emissions due to lime use
Discounting non-representative use of pesticides, sometimes
including prohibited substances

Assuming a higher or lower yield or using an average yield
when seeking to reflect specific conditions

Confusing yield in dry and wet weight (and units).

Level of on-farm, post-field losses

Omitting the impact on crop-residue management

Omitting the impact of soil C emissions and land occupation
(e.g. does the crop grown on peatland soils have an associated
C loss)

Unrealistic amount of diesel use based on aggregated estimate
as opposed to individual activities

Outdated/non representative energy use in heated
greenhouse horticulture, including grid emission factors
Omitting impact of nutrient losses and emissions through
volatilisation, leaching etc.

Livestock

production
Incorrect allocation, such as:
Deviating allocation methods for co-products such as protein
allocation in case of sheep farming (e.g. inconsistently
applying protein-based allocation to wool and animal live
weight)
Handling manure as a co-product when it needs further
treatment to render it usable.
Biophysical allocation in case of dairy farming
Outdated/non representative price data for calculating
economic allocation factors

[}

o Use of non-representative animal feed compositions,
including consideration of land use changes (LUCs)

o Non-representative or inaccurate representation of manure
management techniques

o High-level/Tier 1 and/or outdated/deviating manure

emission modelling

High-level/Tier 1 modelling of enteric fermentation

Omitting the impact of nutrient losses and emissions through

volatilisation, leaching etc.

Misleading product names (product names appearing to

represent the description, but then linking to a completely

different product that is apparently used as a proxy)

Ignoring mass balance (losses and gains in unit processes)

Lack of full consideration for possible co-products

Lack of full consideration of relevant upstream and

downstream processes

© o

General o

© © ©

Data collection can span surveys, interviews, and field measure-
ments, in addition to primary sources (e.g., market data reports) and
secondary data gathered through literature reviews (e.g., national sta-
tistics, scientific research) or existing databases (Notarnicola et al.,
2024; Notarnicola et al., 2017; Notarnicola et al., 2015). Stakeholder
engagement is important, as it can help identify potential data gaps and
provide feedback on outcomes (Barthel et al., 2014). Stakeholders in a
typical AFPS may include farmers, processors, consumers, and other
experts (see Table 2S in the supporting materials-A).

In the LCI phase, environmental loadings in the form of resource use,
emissions, and waste are accounted for in each of the unit processes
considered within the system boundary. The reliability and interpreta-
tion of the results depend on data quality (e.g., accuracy, specificity,
representativeness). Errors in data—particularly when using secondary
or unverifiable sources—and assumptions can lead to inaccurate results
and conclusions. Table 3 presents potentially misleading parameters
associated with the use of secondary data for activities focused on the
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farm or field gate. While these considerations are relevant for all agri-
cultural LCAs, initial LCAs may be particularly susceptible due to limited
time and resources.

It should be noted that some of these issues may be intractable or
unavoidable in settings with limited data. Therefore, acknowledging
these limitations may prompt a redesign of the LCA within the project or
prioritise additional data gathering efforts.

The structure of data collection will be informed by the boundaries
(and assumptions) of individual product stages; for PBFPs (crops), data
are often collected in terms of flows per unit of area, whilst for ABFPs
(ruminants), an analysis may be framed at the individual herd level. This
entails additional risk when, for example, data on the material inputs
into the field are considered separately to outputs like yield. For the case
study presented here, a number of existing inventories were used to
provide a template for data collection for inputs and outputs. In addi-
tion, databases, such as Agri-footprint 6 (Blonk et al., 2022), ecoinvent
3.8 (Wernet et al., 2016) and World Food LCA Database (WFLDB) pro-
cesses (Nemecek et al., 2019) were used for production inputs and other
background data (See Tables 1-8S in the supplementary materials-B for
LCIs).

2.6.1. Inclusion of upstream activities

The major sources of environmental burdens from upstream activ-
ities are manufacturing of fertilisers and other agricultural inputs, pro-
duction of concentrate feed, land use change (LUC), supply of (fossil and
renewable) sources of energy, and generation of electricity. Identifying
and categorising all relevant agricultural inputs, such as fertilisers,
seeds, pesticides, energy and water (including flows from the Ecosphere)
is a precursor to their quantification.

For the presented exemplar case study, all the important upstream
activities data have been collected from the relevant literature pertain-
ing to or near the representative UK system. For important inputs such as
concentrate feed, the composition for pig, beef, broilers, and layers
production have been taken from literature (Casey and Holden, 2025;
Hall et al., 2018; Halpern et al., 2019; Kebreab et al., 2016; Leinonen
et al., 2014). Soybeans are a major ingredient in livestock compound
feed imported into the UK from other countries. Approximately 70% of
the soybean meal in the UK is imported mainly from Argentina and some
from Paraguay. Whereas whole soybeans and soybean oil are mainly
imported from Brazil and the Netherlands, with 60 and 70% of its total
requirement, respectively (Efeca, 2019). Therefore, Argentina, Brazil,
and the Netherlands have been chosen as importing partners of the UK
for soybean meal, whole soybeans, and soybean oil, respectively. Simi-
larly, consideration of regional conditions is necessary to clarify avail-
able transport links and distances between discrete stages. This includes
whether a specific transport connection, such as rail, is viable in the
region of choice. Failure to consider specific input parameters will risk
underestimating impacts. For example, in the case of broiler chicken,
approximately 48% of the global warming impact score is attributable to
LUC.

2.6.2. Inclusion of on-farm activities

The nature of the product/system, specifically the activities associ-
ated with different production systems (e.g., open field vs indoor) will
determine the data requirement and the material/energy flows that need
to be quantified at the farm level. For example, PBFPs may need explicit
consideration of establishment activities, such as in the case of glass-
house production. The consideration of field or horticultural systems,
whilst encompassing different activities (such as the infrastructure)
share common data needs in terms of land, fertiliser, energy, and water
use. Indoor system energy needs are likely to be determined by heating
requirements, whereas energy needs for field systems will depend on the
extent of mechanisation, with post-field cool storage being commodity,
value-chain, and region specific. In cases with multiple harvests, it will
be necessary to compare inputs (resource use) and outputs (yield and
emissions) across the same time boundary. (As mentioned for the crop
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Table 4

Examples of relevant mid-point impact categories and related activities in AFPS.
Each of these impact categories will reflect a different environmental burden,
based on Recipe 2016 (Huijbregts et al., 2017) and IPCC, 2021 (IPCC, 2021).

Impact category Unit Description/ Related activities in a
Function typical AFPS

Climate change — kg COz-eq GWP, an indicator e Manure
Total, Fossil, of integrated management
Biogenic and infrared radiative e Enteric
land use forcing increase of fermentation

greenhouse gases e Fertiliser

(GHG) (Stocker production and use
et al., 2014). e Deforestation and
Reflects LUC

contribution to e Energy use

global burden of a e Crop residue

key driver for burning

climate change. Not e Agrochemical

to be confused with production

the impact of

climate change.

Eutrophication — kg PO3eq Indicator of the e Excessive fertiliser
Freshwater kg N-eq nutrient application
Marine water mol N-eq enrichment in e Manure
and Terrestrial freshwater, marine management

water, and e Livestock grazing
terrestrial e Irrigation practices
ecosystems (Helmes e Pesticides and

et al., 2012). herbicides use
Relates to more e Soil erosion
localised impacts.

Depletion of Surplus Ore  Indicator of e Farm machinery
resources Potential depletion of use
—Mineral (SOP)- kg mineral and fossil e Transportation
resource Cu-eq fuel resource and e Manufacturing of
scarcity/Fossil Fossil Fuel reduced agricultural inputs
resource scarcity ~ Potential availability. e Climate control

(FFP) kg Reflects intensity of (heating, lighting,

oil-eq/MJ direct and indirect and cooling)
energy use and the e Irrigation
energy sources (
Jungbluth and
Frischknecht, 2010;
Vieira et al., 2017)

Acidification kg mol H+ Indicator of the fate e Fertiliser use

of a pollutant e Acidic
(create acidifying agrochemicals
emissions) in the e Livestock waste
atmosphere and the e Soil acidification
soil (Roy et al., due to crops
2014), compounds (legumes) uptake
that are precursors e Irrigation
to acid rain.

Ecotoxicity-Fresh (1, 4DCB- Indicator of date o Pesticides,

water Marine eq) and effects of herbicides, and
chemical emissions fertiliser use
and impact on e Fertiliser runoff
organisms of toxic e Improper
substances emitted management of
to the environment livestock waste
(van Zelm et al., o Inefficient
2013) irrigation practices

e Soil erosion

Human toxicity- CTUh Impact on humans e Pesticides and
Cancer and Non- of toxic substances chemical fertiliser
cancer emitted to the use

environment. e Livestock farming
and animal waste
e Foodborne
pathogens
e Mycotoxins
e Heavy metal
contamination

Land use Ha or m? Indicator of the o Deforestation

*ye annual relative species e Land clearing for
cropland- loss/actual use of planting (cropland
eq land and the expansion) and
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Table 4 (continued)

Impact category Unit Description/ Related activities in a
Function typical AFPS
changes in land use livestock
caused by a specific management
land use type ( (grazing and
Curran et al., 2014; pastureland
De Baan et al., expansion)
2013).

Water use m>water- Indicator of the e Irrigation

eq amount of water e Water demand
consumed lost from a e Water quality and
hydrological pollution
system, based on e Soil quality
regionalized water e Water re-use and
scarcity factors. recycling
Some metrics
measure
unweighted water
use (Hoekstra and
Mekonnen, 2012).
Ozone depletion kg CFC-11- Indicator that e Use of specific
eq represents the pesticides with
amount of ozone depleting
stratospheric ozone substances
depletion caused by
a substance (WMO,
2010)(WMO,
2010).
Photochemical kg NOx-eq Indicators of e Transportation
ozone formation to kg CoHa emissions of gases e Fertiliser
eq that affect the application
creation of e Agricultural
photochemical machinery

ozone in the lower
atmosphere (van
Zelm et al., 2016).

case studies post-harvest cooling and drying are excluded from the case
studies described here).

More generally, resource inputs and outputs need to reflect a com-
parable subsystem (e.g., fertiliser use per hectare compared with yield
for a farm of similar size), regardless of whether multiple subsystems or
a single representative case is presented. Therefore, identifying the
deterministic or stoichiometric relationship between relevant input and
output flows is a prerequisite for quantification. In this regard, yield is a
crucial output and must be selected carefully, as input data are typically
expressed in area terms. Key outputs—such as nitrogen losses (including
direct field emissions and indirect emissions due to volatilisation and
leaching) and fossil CO2 emissions—are directly tied to inputs per
hectare, reinforcing the need to ensure that yield estimates are repre-
sentative values (Cederberg et al., 2013; Nemecek et al., 2015).

LCI development across livestock systems is arguably more complex
due to the diversity of output types (e.g., live weight gain, animals sent
to slaughter, milk, wool). While a simplified representation of herd or
flock dynamics may be necessary in preliminary exercises, some ac-
counting of these processes remains essential. It is therefore crucial to
identify inputs that have a direct causal relationship with key outputs
(see Fig. 4). For example, the quantity of nitrogen fertiliser applied
embodies upstream burdens and directly influences both direct and in-
direct emissions at the field level. For AFPSs, the quantity and type of
both compound and pasture feed determine not only embodied and
direct land-use-related burdens, but also direct emissions from enteric
fermentation.

Hence, it is important to ensure that causal inputs and outputs are
endogenously related in the construction of inventories (i.e., N20
emissions being directly linked to nitrogen inputs, rather than relying on
external estimates such as generic emission rates per hectare).

Within the case study, a number of parameters are applied to stan-
dardise the relationship between inputs and fundamental outputs. Direct
and indirect N3O emissions from fertilisers and crop residues are
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calculated using the IPCC, 2019 Guidelines (Hergoualc’h et al., 2019;
IPCC, 2019). Nitrate and phosphate leaching emissions are calculated
with a detailed nitrogen balance equation based on Zampori and Pant
(2019). For beef systems, herd composition is based on the herd dy-
namics- Global Livestock Environmental Assessment model (GLEAM)
described by (MacLeod et al., 2018). Feed requirements based on energy
requirements equations from the IPCC 2006,/2019 guidelines (Volume
4, chapter 10)(IPCC, 2019; Joshi et al., 2006). Manure excretion and
emissions are calculated with Tier 2 equations from IPCC, 2019
Guidelines (Gavrilova et al., 2019). For other livestock systems, existing
datasets (comparable European Agri-footprint 6) were adapted to reflect
UK conditions, such as was adapted the market in the UK, e.g. electricity
grid mix, weight gain (broilers, sows, and piglets) (AHDB, 2022b;
RSPCA, 2020). Manure excretion and emissions are calculated with Tier
2 equations from [PCC, 2019 Guidelines (Gavrilova et al., 2019). (Note
that whilst treatment of on-field crop waste residues, feathers, fur, etc.,
are considered out of scope, manure and litter related impacts are
included and straw is a co-product.)

2.7. Determine the relevant impact categories for meaningful life cycle
impact assessment

The goal and scope of an LCA determine the impact assessment
method relevant to the study (ISO, 2006a). When the goal is to gain
insight into environmental hotspots, identify potential improvement
opportunities, or compare alternative measures or product choices, it is
essential that the assessment addresses the most meaningful environ-
mental concerns aligned with the study’s specific objectives. Each life
cycle stage in an AFPS may lead to different environmental impacts, and
relevant impact categories can vary depending on the process and
methodological choices (Notarnicola et al., 2017).

Some studies may focus on a single indicator, such as global warming
potential (GWP); however, a broader range of impact types is needed to
identify specific trade-offs. Excluding impact categories that reflect
burdens at different scales or ecosystem services undermines a system-
atic representation of impacts and reduces the usefulness of hotspot
analysis. While GWP denotes a global burden, other impact catego-
ries—such as eutrophication—are more closely associated with localised
impacts (ISO, 2006b) Indicators of resource appropriation (e.g., land,
water, or energy consumption) relate to material use and can serve as
important markers for both direct (e.g., on-farm cultivation area) and
indirect (e.g., upstream arable land and energy) environmental
stressors.

It is important to recognise that the specific units used are repre-
sentative of potential burdens, not the impacts themselves. End-point
indicators, which attempt to quantify manifest impacts (e.g., human
health), are subject to higher levels of uncertainty compared to mid-
point indicators (Huijbregts et al., 2017). For initial LCAs, it is advis-
able to focus on a limited number of high-priority impact categories
rather than attempting to cover all possible categories. Additionally, the
quantification of certain emissions (e.g., nitrogen-containing com-
pounds, toxic substances) and impact categories (e.g., biodiversity,
water scarcity, eutrophication) can be highly uncertain depending on
the context.

Therefore, identifying key impact categories that are most relevant
to both the local and global context—and significant to the AFPS under
consideration—is crucial. For example, a regionalised water scarcity
assessment based on country- or region-specific water scarcity factors is
necessary to obtain meaningful insights into water use impacts (Kounina
et al., 2013; Ponsioen and van der Werf, 2017). Common impact cate-
gories used in AFPSs include climate change, water use, land use,
eutrophication, fossil resource use, and biodiversity (Notarnicola et al.,
2017; Ponsioen and van der Werf, 2017). Table 4 presents relevant mid-
point impact categories and associated activities in a typical AFPS.

A tailored impact assessment based on ReCiPe (Huijbregts et al.,
2017) and IPCC, 2021 (IPCC, 2021) was used (employing SimaPro 9.5
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software) to ensure the results of the considered case studies represent
relevant impact categories. The specific impact categories considered
are contained in Table 4, reflecting indicative global, local and resource
use burdens. Specifically, these were: (i) GWP (kg COz-eq); (ii) marine
eutrophication (kg N-eq); (iii) freshwater eutrophication (kg P-eq); (iv)
terrestrial acidification (kg SO2-eq); (v) water consumption (m3); (vi)
land use (ha*year); and (vii) fossil resources use (MJ). These were
chosen to give a simplified overview of important trade-offs in prepa-
ration for an expanded assessment.

Other categories, such as ozone depletion and photochemical ozone
formation, were excluded from the assessment due to irrelevance, whilst
the toxicity impact was excluded due to the extreme uncertainty of the
category. Studies such as Chen et al. (2021) demonstrated significant
variability in differences in ecotoxicity (and other) results due to i) ab-
solute emission values included in the inventory; ii) the inclusion of
substances, and iii) the differences in the characterisation factor values
of included substances.

2.8. General and case study methodological considerations

Whilst LCA methodology has evolved into a widely applied decision-
making tool, it still has limitations (Guinée et al., 2011; Liu et al., 2024;
Ponsioen and van der Werf, 2017; Weidema, 2014). Overcoming both
theoretical and practical limitations is particularly crucial in the agri-
food sector, where the inherent complexity of systems often exacer-
bates methodological challenges (Liu et al., 2024; Notarnicola et al.,
2017). Fan et al. (2022) noted that research on the methodological and
practical application of LCA in the agri-food sector remains limited
compared to its use in industrial contexts. Liu et al. (2024) further
highlighted that many traditional LCAs reported in the literature exhibit
shortcomings in FU definition, system boundary setting, impact assess-
ment method selection, and data quality control.

Transparency in methodological choices is essential to avoid misin-
terpretation and misuse of results (Gradin and Bjorklund, 2021). Table 5
presents illustrative studies and reviews in the agri-food sector with a
methodological focus, while Table 6 summarises the key methodological
aspects addressed in the case study.

2.9. Effective interpretation of results

Interpretation is a key stage in an initial LCA, where results are
analysed to support effective decision-making and may inform further
investigation through a full LCA. This aligns with ISO 14040, which
emphasises the importance of interpretation in identifying areas for
improvement (ISO, 2006a). Interpretation should be carried out sys-
tematically, potentially by comparing results with published studies in
similar domains that use equivalent or comparable FUs, and by clearly
stating recommendations and limitations to reduce uncertainty (Laurent
et al., 2020).

Within a scoping study, it may be sufficient to compare process
contributions to determine whether similar processes consistently
contribute significantly across all impact categories, or whether certain
processes appear significant only for specific categories—indicating
potential hotspots. Although it is inadvisable to draw conclusions based
on absolute values from scoping studies, understanding both relative
contributions and absolute impacts is essential during interpretation,
alongside recognising potential uncertainties (Zampori et al., 2016).

Many LCAs serve as reference points for policy support and decision-
making; therefore, robust and transparent interpretation is critical (Sala
et al., 2020). It is important to note that the types and magnitudes of
potential hotspots will vary depending on the impact category, as well as
the study’s goal, scope, and assumptions. Consequently, any interpre-
tation of hotspots must be cognisant of the study boundary to avoid
misrepresentation, particularly when comparing with other case studies.

For example, Fig. 5a shows the relative contribution of various unit
processes in the production chain of each animal-based food product
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Table 5

Ilustrative LCA studies (with methodological focus) in Agri-food production.
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Reference

Agri-food product/System

Functional Unit

System boundary

Key issues/ relevance to scoping LCA/
limitations

(Williams et al., 2006)

(Nemecek et al., 2011)

(Goglio et al., 2018)

(Poore and Nemecek,
2018)

(Costa et al., 2020)

(Majewski et al., 2020)

Varied systems across England and
Wales considering bread wheat,
potatoes, oilseed rape, tomatoes, beef,
pig meat, sheep meat, poultry meat,
milk and eggs. Conventional and
organic exemplars.

Swiss arable cropping and forage
production systems

Methodological framework on LCA
crops and cropping systems

Extensive meta-analysis harmonising
LCA results considering global
variation in 5 impact categories for 40
food groups.

Literature review on methodological
aspects of legume crop rotation
systems

EU-based. multiple products
including farm and fish products
delivered to the consumer via short (e.
g. pick your own) and long value
(incl. logistics centre).

Varied by commodity, e.g. per
tonne of carcass, per 20,000 eggs
or per 10m® milk (approx 1
tonne dry matter)

Multiple,

e.g land management function:
per ha/year

productive function: kg per dry
matter and kg per Kilogram dry
matter (DM) and MJ net energy
for lactation (MJ NEL)

financial function: return
(expressed in CHF)

Argument for having both
product-based and system-based
FUs

Multiple,

e.g. 100 g of protein for meat
products

1 kg for vegetables and fruit
1 unit for alcohol

Multiple as presented in the
various literature

1 kg of purchased product
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Cradle to the farm gate.

Cradle to the farm gate.

Whole cropping system vs
individual crop boundaries.

From input production to
retail.

Multiple, ranging from single
crop-cradle to farmgate to
whole rotation multi-year
boundaries

Cradle to grave (Farm to
consumer, including waste),
including farm, buildings,
transport, and refrigeration
leakage. Excludes road
infrastructure.

Includes on-farm activities such as crop
storage and drying or cooling for
commodities like wheat and potatoes.
Use of average data on items like
fertiliser application. This can obscure
meaningful differences between specific
production methods, which is
particularly relevant where different
varieties are grown under the same
system (e.g. horticulture).

Argues for reframing climate burden as
the ‘carbon-nitrogen’ footprint, given its
prominence in the GWP of many arable
and livestock systems.

Emphasises the uncertainty associated
with common mechanisms (such as the
IPCC calculation).

Organic systems have lower inputs but
lower yields, shifting the outcome across
units.

Importance of modelling entire
rotations and interactions at the
cropping system level.

Trade-offs between per-ha and per-
product results complicate
interpretation.

No single modelling approach fully
captures the complex interactions in
product LCA in cropping systems;
therefore, it is recommended to adopt a
cropping-system approach.
Recommending to evaluate entire
rotations and not just a single year of
cultivation, at least including the crop
following the legume

Emphasise the need to use at least two
FU (to capture the multifunctionality of
the entire rotational cycle and product
LCA) and the use of attributional and
consequential LCA to capture different
perspectives in the agronomic cycle.
Some FUs are difficult to express with
equal relevance across all categories (e.
g. protein quality vs quantity).
Implications for the role of producers vs
consumers as the lowest-impact animal
products exceed the average impacts of
substitute vegetable proteins in terms of
GHG emissions.

Significant variability for staple crops,
as 90th-percentile impacts are thrice the
10th-percentile impacts on all five
indicators for crops such as the crops
wheat, maize, and rice, upon which
populations depend.

Potentially relevant for initial LCAs as
they offer opportunities to assess the
position of results in the overall range.
Crop rotation systems are inherently
multifunctional (multiple crops and
systems services); however, many
studies are too narrow (product-only),
missing the system-level dynamics.

The carbon footprint of 1 kg of produce
provided via short supply chains ranged
from 0.07 for internet sales to 1.54 kg
CO,/kg for ‘pick your own’.

For longer chains, this range was 0.24-
0.4 kg COo/kg reflecting on-farm sales
to intermediaries and sales to
wholesalers, respectively.

The ‘pick your own’ option reflected the
highest impact per kg across all impact

(continued on next page)
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Table 5 (continued)
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Reference Agri-food product/System

Functional Unit

System boundary

Key issues/ relevance to scoping LCA/
limitations

(Detzel et al., 2022) Comparison of European plant-based
meat and dairy alternatives with

conventional products

(Goglio et al., 2023) Consideration of criteria to be
included in a harmonised LCA of
livestock systems based on an expert

workshop.

(Porto Costa et al.,
2023)

Comparison of conventional and
alternative protein food value chains
across 5 impact categories.

(Pérez et al., 2024) Carbon footprint of organic berry

production in Northern Spain.

kg of product, 30 g of protein
and 54 kcal of energy

NA

100 g serving of meat or plant
protein product

1 L dairy and soya milk

Refers to German conditions.

Various: fruit mass, 1 kg of fruit,
1 ha of land, 1 € of farm-gate
price, and nutritional quality of
fruits.
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Cradle to gate (raw material
sourcing up to the final food
products at the factory gate)

Farm gate

Up to the point of consumption
but consider the impact of
changes to the wider system.

Farm gate

categories (e.g. acidification,
eutrophication, and other impacts) due
to the much smaller quantities
transported in single deliveries
compared with longer chain trips.
Impact of transit on food quality (e.g.
amount usable by the consumer) may
need additional analyses.

Importance in presenting
counterintuitive results in terms of the
impact of elements like food miles.
Vegetable-based meat alternative
protein products combined with
amaranth or buckwheat flour and a
lentil protein-based vegetable milk
alternative resulted in significantly
lower climate burden than conventional
systems (e.g., 132-240 g CO»/ 100 g
alternative product vs 625 and 957 g
CO,/ 100 g chicken product (for high
performance and conventional chicken,
respectively)).

Similar relative difference, when results
are expressed in protein terms but no
consideration for protein quality.

The majority of the impact of chicken is
associated with direct land use change,
reflecting the amount of soya used in
animal feed.

Due to their complexity livestock
systems' results suffer from low
reliability and a high degree of
variability. A research agenda for
improving LCAs of livestock systems
was identified to prioritise: i) Food,
feed, fuel and biomaterial competition,
crop-livestock interaction and the
circular economy; ii) Biodiversity; iii)
Animal welfare; iv) Nutrition; v) GHG
emissions.

Biodiversity presented the highest
priority among respondents, which is
considered very difficult to incorporate
into LCA in a robust manner, especially
within scoping or initial studies.
Interestingly, the appropriateness of
different co-product allocation schemes
did not appear to be a priority.

Pea protein balls replace beef meatballs
on a 1:1 mass basis; however, this would
need to be confirmed based on nutrient
quality. A nutrient-based LCA (nLCA)
would add additional insights.
Substituting beef meatballs with pea
protein balls will save 2.42 kg COxe per
100 g serving.

System perspective is important as the
benefit of soya milk substitution is
negated if surplus calf production is
displaced, thereby needing a larger
suckler herd.

Resultant ‘spared land’ provides
opportunities for additional on-farm
carbon storage.

The relative performance of
commodities with the highest and
lowest carbon footprint was not affected
by FU choice, whereas the relative
ranking of other fruits was determined
by FU choice. This means that in seeking
to reduce impact, the ranking of
commodity choice based on mass or
land use will differ from the ranking of
commodities based on an economic or
nutritional metric.

(continued on next page)



L. Thushari et al.

Table 5 (continued)

Agricultural Systems 234 (2026) 104668

Reference Agri-food product/System Functional Unit

System boundary Key issues/ relevance to scoping LCA/

limitations

(Kiehbadroudinezhad
et al., 2025)

Review of published LCA results to
explore implications for global
agriculture of renewable energy
uptake.

Sectoral level results presented,
but various FUs expressed based
on literature presented, e.g. 1 kg
of tomato production or 1 kWh
of energy delivered to the grid.

Each renewable energy source embodies
different trade-offs amid
decarbonisation of the global
agricultural sector, and a focus on GWP
may ignore these important impacts
when applied at scale, e.g. land use
demands and lithium for solar.

In particular, less attention is paid to
human health impacts, specifically
those associated with material
production to disposal.

Renewable energy and appropriate
technologies are necessary for the
decarbonisation of processes stage, but
low-impact options (e.g. solar drying)
are gaining exposure.

When comparing energy outcomes, the
choice of FU is important for biofuel as
biodiesel may have a lower calorific
value, mean comparison against
conventional diesel is
misrepresentative.

Opportunities for co-benefits via
emerging technologies, e.g. enhanced
bio-sequestration in soils and above
ground carbon sequestration within
sheep agrivoltaics systems.

Global sectoral level

(ABFP) from cradle to farmgate. This excludes post-farmgate transport
and should ideally be compared with studies using similar boundaries.
The process contributions to the production of 1 kg of each plant-based
food product (PBFP) at the farmgate are shown in Fig. 5b. In ABFPs, feed
production dominates most impact categories—such as marine and
freshwater eutrophication (due to nutrient losses via runoff and leach-
ing) and land use (due to the agricultural area required for feed
production).

However, direct comparisons of environmental impacts across
commodities are not always appropriate due to wide variations in pro-
duction systems and associated intangible benefits. For instance, beef
production has a significantly higher GWP compared to pig production
(per kg liveweight; see Table 10), but beef farming can utilise grassland
that may be unsuitable for producing crops edible by humans or other
monogastric animals. This requires contextualisation: while these sys-
tems yield different slaughter by-products (necessitating allocation), the
scale of impact differences suggests that some relationships may persist
beyond the farm level and into consumer-level assessments. Using eco-
nomic allocation, Blonk et al. (2022) estimate a similar GWP estimate
for 1 kg of Danish Pig and Irish beef at the farm, consistent with the
estimates presented in this study when expressed in liveweight
(Table 10).

Similarly, for the arable crops considered (potatoes and winter
wheat), eutrophication is heavily influenced by nitrogen losses at the
field level (Fig. 5a). GWP in arable production does not appear to be
dominated by a single category. In farm-level assessments, most GHG
emissions (GWP100) tend to arise from direct livestock emissions—-
primarily enteric methane (>52%)—and, depending on housing,
manure management (>6%). Farm infrastructure is particularly rele-
vant when considering fossil resource depletion. In PBFP systems, field
emissions dominate most impact categories for potato and wheat pro-
duction, whereas heat production is the major contributor in protected
tomato systems.

These insights, derived from hotspot identification, can serve as
precursors to more in-depth studies. A key consideration when
comparing results across and within commodities is the identification of
trade-offs. An agricultural commodity may exhibit a lower impact in one
burden type but a higher impact in another. Trade-offs may also occur
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within the same impact type and boundary—for example, reduced en-
ergy use at one value chain stage may result in increased impact
elsewhere.

Prior consideration of potential trade-offs—whether inter- or intra-
commodity, or inter- or intra-impact type—will assist in interpreta-
tion. Most commodities demonstrate at least one process contributing
>50% of the impact across several categories, such as animal feed
production in Fig. 5a. In such cases, it is equally important to identify
impact categories where these processes do not significantly influence
overall burdens—for example, terrestrial acidification in poultry
systems.

The designation of specific processes should be determined by the
practitioner based on the flows of individual environmental burdens
that share characteristics. It is important to distinguish direct emissions
at the farm level or, at a minimum, use categories that are sufficiently
distinct to inform tangible management decisions (e.g., distinguishing
energy-related and biogenic sources of GWP). Additionally, it is
important to identify processes for which no clear hotspot exists,
necessitating multiple interventions—such as GWP in potato
production.

3. Discussion
3.1. Insights from presented case studies

Given the research focus and growing demand for LCA in AFPSs,
many publications report conclusions based on initial LCAs. On the one
hand, accurate interpretation of results requires subject-matter exper-
tise, as LCA practitioners may sometimes draw overly strong or
misleading conclusions (Notarnicola et al., 2017; Notarnicola et al.,
2012). On the other hand, poor assumptions and data choices
throughout the analysis can complicate interpretation, as hotspots
identified at this stage may not accurately reflect the overall bur-
den—particularly when absolute values are not considered.

For example, findings from the presented case study suggest that feed
production is the main contributor to environmental burdens in ABFPs,
field emissions dominate arable crop impacts, and heat production is the
primary driver in protected crop production. However, the use of lower-
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Table 6
A summary of methodology in the food basket case study.
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Commodity Beef (from beef cattle) Pork Chicken meat Eggs Ware potatoes Spring wheat Tomatoes-in a field Tomatoes in a
(from broilers)  (from grains polytunnel heated
layers) greenhouse
Functional unit 1 kg liveweight at farm at slaughter-ready age 1 kg fresh 1 kg fresh 1 kg fresh dry 1 kg fresh loose tomatoes at the field gate,
egg at the potatoes at the winter wheat ready for chilling
farm gate field gate, ready grain at the field
for chilling/ gate, ready for
storage storage
System type Intensive lowland Intensive Indoor systems Conventional arable systems Unheated Heated
spring-calving, grazing polytunnels glasshouses
System boundary Cradle to farm- gate Cradle to field- gate
Activities Manure management emissions (CHs, N,O, NHj etc.) Manure application emissions (production excluded - cut-off)
included Livestock and soil emissions (e.g., enteric fermentation, field Chemical and lime fertiliser production and application emissions
emissions (N;0)) Pesticides production and application emissions (i.e. NO, NH3, leachate etc.)
Land occupation and grass/silage yield (for cattle) Seed/start material production
Feed production (grass, silage and compound feed) Capital goods (e.g., infrastructure, trellis system, plastic tunnel, glasshouse)
Housing system (electricity use) Energy use for cultivation (farm diesel production and combustion, electricity
Transport of inputs production for lighting and pumping, natural gas production and combustion for
Diesel use glasshouse heating)
Irrigation water input
Land occupation and crop yield
Allocation See Table 2, section 2
Data sources See Tables 1-8S supporting information- B for LCIs
Temporal scope 2021/2022 2021/ 2021/2022 2021/ 2018-2020 2021/2022 2019/2020 2021/2022
2022 2022
Geographic scope UK UK UK and UK UK UK UK (and Spain) UK
Netherlands

Impact categories

Key assumptions
influencing the
results

See Table 4, section 2
Grass-based system
Herd composition
Digestibility of feed
The fraction of the
assumed split between
indoor and outdoor
management.

For pig systems: feed conversion ratio;
litter size and mortality; feed
composition and sourcing (Note feed
also determines manure quantities);
efficiency of manure management.

For poultry: feed conversion ratio; feed
composition and sourcing (particularly
the % allocated to regions such as
Argentina and Brazil, with high
deforestation potential); efficiency of
manure management.

For pork and poultry, a conservative mortality and feed conversion
estimate. Sourcing of soya was based on trade statistics, which
might not be representative for the market segments.

Limitations and
complications

For the beef systems, a simplified herd dynamic and feed
requirement were used, whereby the approximate breakdown of
grass and compound feed is suitable for lowland systems with
adequate pasture quality (e.g., days outdoors).

Uncertainty See Table 8, section 3

Levels of fertiliser
applied and leachate
rates; minimal yield loss;
functional life of plastic
material.

Yield, fertiliser use, and energy
required for ploughing and
harvesting. This is particularly
relevant for potatoes given the sowing
depth. For wheat, the measured
moisture content of spring wheat
harvested in the study year meant that
limited additional drying was needed.

Yield systems;
level of heating;
energy needed.

The national average yield is used, but
this will vary significantly.

Soil quality and weather conditions
will influence ploughing and
harvesting fuel use.

For wheat, no additional drying was
included due to the dry harvest period
of the study year. This, therefore, is a
snapshot which not representative of
general conditions. However, hot

Coarse consideration of seasonal variability
(e.g. heating demand) for indoor systems.

No external CO, inputs assumed.

Yield data from the equivalent Dutch system is
used as specific data on current UK heated
systems, which is unavailable.

Additional chilling was considered post-
harvest. Larger installations will have on-farm
chilling.

night temperatures may result in
external cooling needed. This has not
been taken into account may become
more widespread in future years.
Wheat straw is assumed to be baled.
Other practices of crop residue
management (including residues left
in the field) were not considered and
were deemed minimal at the field
level.

quality feed, food waste, or domestic grains for animal feed, and the
utilisation of grazing land unsuitable for arable crops in beef farming,
could challenge this interpretation—especially when compared to more
conventional or intensive systems. Nevertheless, such comparisons
remain valid, as noted by Ponsioen and van der Werf (2017), if the goal
is to identify which production systems contribute most to impacts at the
population (overall consumption) level. In this context, any hotspot
identified should be interpreted as a preliminary indicator, pending
confirmation through a full LCA with more coherent data and sensitivity
analysis.
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Initial LCAs often rely on generalised secondary data that may not
account for regional practices, climate, or soil conditions, potentially
leading to misleading interpretations when applying results to specific
regions. Generalising results from a specific context to a broader scale
may fail to capture the full range of environmental impacts and limit the
applicability of findings. Attributional LCA—which describes the envi-
ronmental burdens directly associated with the life cycle of a product
using average data from existing systems—is commonly used to repre-
sent sectors or regions. However, this approach can be problematic
when averages are applied in contexts requiring greater specificity. For
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Fig. 5. a: Relative contributions of major unit processes from cradle to farmgate to produce 1 kg liveweight leaving the farm in a representative (a), lowland grazing
beef; (b), intensive indoor pig; (c), intensive broiler; and (d), eggs in a representative enriched cages layer; production system in the UK under each of the seven
impact categories (note direct livestock includes emissions due to manure management and field emissions). A combined impact assessment based on ReCiPe
(Huijbregts et al., 2017) and IPCC, 2021 (IPCC, 2021) was used (impact assessment using Simapro 9.5 software).

b: Relative contributions of major unit processes from cradle to farmgate to produce 1 kg of (a), freshly harvested potatoes; (b), winter wheat; (c), glasshouse
produced tomatoes in, representative production systems in the UK; and (d), unheated polytunnel produced tomatoes in a representative production system in Spain
under each of the seven impact categories. A combined impact assessment based on ReCiPe (Huijbregts et al., 2017) and IPCC, 2021 (IPCC, 2021) was used (impact

assessment using Simapro 9.5 software).

instance, the average annual potato yield in the UK (2018-2020) is 46
tonnes/ha and was used in the LCI for the exemplar case study. Yet
regional yields vary from 39 to 49 tonnes/ha due to differences in fer-
tiliser use, irrigation, cultivar selection, and agronomic efficiency, all of
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which influence local environmental impacts (AHDB, 2021; PotatoPro,
2023). A single average value may not be representative: approximately
half of UK potato crops are irrigated, but using half the irrigation volume
as a proxy may misrepresent actual conditions. Therefore, consideration
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Table 7

Comparison of total burden at the field gate per production of 1 kg of fresh loose tomatoes produced in the UK and Spain.

Agricultural Systems 234 (2026) 104668

Impact category Unit UK (heated glasshouse) Spain (field polytunnel)
GWP kg CO2-eq 1.6859 0.1927
Marine eutrophication kg N eq 0.0003 0.0011
Freshwater eutrophication kg P eq 0.0001 0.0003
Terrestrial acidification kg SO, eq 0.0019 0.0018
Water consumption m3 0.0015 0.0273
Land use m2a crop eq 0.0236 0.0485

Table 8

Example data requirements and potential data sources for a typical AFPS.

Data requirement

Potential data sources

Specification Examples and Remarks
Agricultural Luc/ e The amount, rate, and type of fertiliser applied per hectare. e National agricultural statistics,
practices Crop rotation/ Irrigation/ o The type and quantity of pesticides used. agents (such as Defra, AHDB for the
Fertilisers/ Pesticides/ Machinery e Machinery use efficiency, time, during planting, harvesting, etc. UK).
usage o Time spent grazing vs indoors.
Yield data Crop/pasture yield e Yield per hectare which includes information on average yields,

Herd Dynamics and
outputs

Land use data

Water use data

Energy data

Transportation

Material Use

Emission factors

Market data

Data on waste and
by-product

Calving/lambing rates, culling, and
growth rates.

Land area/

Soil type/

Land management practices/
Potential impact on biodiversity
Water sources/ Irrigation
techniques/Water use efficiency

Energy use for machinery operation/
heating/ lightning/ Drying/
Irrigation/

Transportation

Mode/vehicle type/function

Capital or consumable equipment

Fuel combustion/ Fertilizer

application/ LUC

Crop prices/Market demand

Waste generated (amount/rate)
during the crop production, etc.

variations due to different varieties, cultivation practices, and the
factors influencing yield fluctuations.

Depending on the crop may be expressed as dried weight.

Grass yield and quality (for livestock systems).

Helps in understanding the efficiency of resource utilization and
impacts on land use.

It is important to be aware of whether the yield includes on farm losses
or not.

Herd composition by number (i.e., livestock density), gender, maturity,
etc.)

Percentage mortality, weaned, replacement, saleable animals

Growth rates by animal type.

Milk and wool yield per animal.

Data on crop rotation.

Depending on the setting it may be important to consider if LUC
occurred prior to use.

Pasture quality.

Use of ground water or surface water.

e Amount of water used per hectare.

Animal water needs.
Specific to the process, use of farm machinery on the field (e.g., fertiliser
application), which may need to consider number of applications.

e May be presented on a per area or per output basis.

Often presented as aggregate (e.g., L/ha) estimate but, if possible, it is
important to distinguish impactful processes, ploughing vs fertiliser use.

o Some elements (like drying demand) will depend on moisture content.

Available transport links depending on the function/distances/viability.
Whether it is an inter continent or international and/or regional
transportation.

Seedings, pesticides, fertiliser.

Plastic bags trays, soil, compost or straw, boxes and tray.

Results will need to consider usage intensity.

GHG emission from fuel combustion.

N-N,O emission factors from N-based fertilisers that distinguish
fertiliser type.

e Emissions related to LUC.

Emissions (NHs, N0, and CH,) due to manure management.
Leachate and run-off estimates.

Need to ensure the prices used for allocation across co-products are
consistent and appropriate to the boundary (e.g., Farmgate vs market vs
wholesale prices).

This includes quantifying the amount of waste generated and its fate
(for e.g., unused crops and post-harvest losses).

In mixed livestock, it is necessary to define the treatment method for
manure (e.g., how it is stored on farm).

Agricultural research institutes and
universities.

Agricultural advisory services or
extensions.

Scientific literature.

Agricultural advisory services or
extensions.

Livestock Management Software.

Geospatial data sources.
Scientific literature.

Water management authorities.
Farm audits.
Other literatures.

National authorities.
Farm energy audits

Geospatial data sources.

LCA databases (Eco invent, Agri-
footprint, WFLDB, etc.).

Farm Surveys.

IPCC guidelines.

National emission guidelines.
LCA databases (Eco invent, Agri-
footprint, WFLDB, etc.).
Scientific literature.

Market research reports.
International data bases (FAO,
USDA, etc.)

Farm surveys.

Local waste management
authorities.

Scientific literature.

Remarks: Defra, Department of Environment, Food and Rural Affairs; AHDB, Agriculture and Horticulture Development Board; WLDB, World Food LCA Database;
IPCC, Intergovernmental Panel on Climate Change; FAO, Food and Agriculture Organization; USDA, United States Department of Agriculture.

of regional exemplars is also necessary to provide context. This is also a
simplification, as yield will respond to irrigation and options such as the
use of recycled and harvested water may reduce its resource burden.
Further, the omission of residue and soil dynamics is one of the major
limitations of initial LCA. Integrating soil- and agroecosystem modelling
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can reflect these dynamic interactions rather than ignoring residues or
treating them as waste or outside the boundary (Siol et al., 2025). This,
however, is likely due to a lack of site-specific data in the initial as-
sessments, as generic databases often miss these flows.

However, a potential drawback of conducting a more thorough or
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Step 2:

Identify most
associated impact
category or results

Step 1:
Identify main sources
of uncertainty early

|
¢ Identify any obvious
outliers

System boundary
Data accuracy and
representativeness
(data gaps, generic or
proxy data)

Make sure all relevant
impact categories are
selected based on the
goal and scope of the
study

Methodological
choices (simplified
process, FUs,
multifunctionality,
allocation, impact
assessment)

Uncertainty in
representing bio-
physio-chemical
process and ecosystem

Make sure most affected
impact categories are
considered all relevant

unit processes
functions
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Step 3:
Action for
managing
uncertainty

Step 4:
Transparent
communication

Identify and map
limitations and all
sources of uncertainty

¢ Awareness of the wider
system

Transparent
Data quality check documentation of
(Pedigree matrix) and
use data ranges rather
than point estimates

assumptions

Plan for integrating to
full LCA

-Prioritising data improvement
-Scenario analysis

-Sensitivity analysis
-Statistical analysis

(e.g Monte Carlo-probabilistic
simulations)

4

Integrating contribution
analysis, scenario
analysis, and sensitivity
analysis to identify
major drivers

-

Fig. 6. A structured framework of operational guidance on managing uncertainty in an initial LCA (designed by adopting insights from Bamber et al. (2020);

Barahmand and Eikeland (2022); Helmes et al. (2022)

detailed LCA is that it may reveal greater environmental impacts, which
can discourage businesses from investing in the data collection neces-
sary to support such models (Blonk et al., 2010; Cederberg et al., 2013;
Ponsioen and van der Werf, 2017). Initial LCAs—particularly in the agri-
food sector—often focus on immediate impacts, while indirect impacts
such as LUC, deforestation, and socio-economic effects may be over-
looked or only partially considered due to limited data availability or
simplified methodologies (McAuliffe et al., 2023a). These limitations are
compounded by the difficulty of communicating complex results to non-
expert audiences (Heijungs, 2021; Soust-Verdaguer et al., 2016)

Regardless of the sophistication of the impact assessment model, LCA
does not adequately capture essential information such as the volume of
the receiving compartment or the duration of exposure—factors critical
to assessing the true toxicity of a chemical released into the environment
(Notarnicola et al., 2017). Therefore, it is essential to interpret such
impacts with caution, avoiding both underestimation and over-
estimation, to ensure the feasibility and credibility of an initial LCA.

In the case studies presented here, the farm or field gate boundary
was selected as the initial point of analysis, as it represents a common
stage across most products and, in many cases, reflects the most im-
pactful phase. For example, comparing UK tomatoes grown under
heated glasshouse conditions with Spanish polytunnel systems (such as
those found in Almeria) demonstrates that the latter may have a lower
GWP, but this comes at the cost of increased risks of eutrophication and
water scarcity (see Table 7 and Fig. 1S in supporting materials-A). These
impacts are driven by fertiliser use and associated nutrient losses
through leaching (Zampori and Pant, 2019), as well as evaporative
losses from irrigation and in-situ water stress.

In this case, the international comparison highlights how differences
in production systems interact with climate-related drivers of water
stress, reinforcing the importance of contextualising LCA results within
both environmental and regional frameworks.

As mentioned above, the inclusion of post-farm/post-harvest activ-
ities can, in some cases, contradict or ameliorate the apparent differ-
ences in impact between alternative products at the farm/field gate.
However, this is context-specific and depends on the processes that
contribute to each individual impact type. By way of example if the study
boundary for tomatoes is extended to include post-harvest processes such
as chilled storage, processing at a depot and chilled transport (overland
truck and ferry in the case of Spanish Tomatoes), terminating in a UK
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depot, the relative difference in GWP is reduced (1.17 kg COze/chilled
kg vs 2.2 kg COgze/Chilled kg for Spanish and UK tomatoes at a UK
depot) however the trade-off between GWP and more localised eutro-
phication impacts remain, as the latter are heavily concentrated in the
farm stage (Fig. 1S, supporting materials-A).

3.2. Managing data requirements

Lack of data or reliance on incomplete or outdated data can lead to
uncertainties and affect the accuracy of the assessment. Table 8 presents
guidance on the qualitative and quantitative data requirements of a
representative AFPS. It should be specified that the data requirements in
Table 8 do not distinguish between a full and initial study, but their
application in either may differ. For example, whilst any grazing live-
stock LCA will need to account for co-products, a complete herd dy-
namics model may not be necessary for an initial study.

Similarly, databases, such as Agri-footprint (Blonk et al., 2023),
AGRIBALYSE (Colomb et al., 2015; P. Koch, 2015), Word Food LCA
Database (WFLDB) (WFLDB, 2022), GaBi Food & Feed (Burhan, 2018)
and Ecoinvent (B.P. Weidema, 2013; Burhan, 2018), provide an exten-
sive resource of agricultural background inventory data. However, it is
recommended to carefully weigh the advantages and limitations of using
existing databases (see Table 3S-supporting materials-A) and to com-
plement them with additional data sources, expert knowledge, and site-
specific information to achieve a more comprehensive understanding.
For example, when the contribution of a particular input in a database is
minimal (e.g., <0.1%), it may be acceptable to use a proxy. However, for
inputs with more substantial contributions, more specific values should
be sought before relying on proxies.

Similarly, when one database includes an essential input or flow that
another omits, consolidating data from both sources may yield a more
complete dataset than either database alone. A comparable approach
can be applied to identify missing flows by consulting alternative re-
sources. This strategy helps ensure that the LCI reflects the full scope of
relevant processes and avoids underrepresentation of key environmental
burdens

Corrado et al. (2018) demonstrated that datasets across various da-
tabases used to model the same commodity often exhibit substantial
methodological variation, leading to significant differences in impact
assessment results. While the need for region-specific data may depend
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Table 9

Potential sources of error in developing LCI of the exemplar case studies.
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Sources of uncertainty

Commodity/ FU at farm gate

Most associated
impact category

Data/methodological options for
expansion.

Livestock layers Field crops Protected
(liveweight) greenhouse
crops
Broiler ~ Pig  Beef  Chicken Potatoes ~ Wheat  Tomatoes
eggs

Unrepresentative feed composition * * * Climate Change Identify a more representative feed
(energy and protein level) Fossil resources mix, including sourcing

use
Eutrophication

Unrepresentative feed sourcing * * * * Climate Change Scenario/sensitivity analysis with
(geographic origin/ quality LUC different potential feed compositions
aspects) Eutrophication with different sourcing.

Using generic emission factors Almost all Methodological development (e.g.

- Manure management without * * * * impact define more specific/targeted emission

considering soil type, climate, or categories factors based on soil conditions, e.g.

management practices IPCC tier 2/3, taking into
consideration specific manure
management).

-Over and underestimating feed Climate Change Consider the sensitivity of feed
conversion (due to poor data on * * * Eutrophication conversion ratio.
feed intake or variation in animal Acidification
growth rates)

-Underestimating Nitrogen loading As above Both stocking rates and feed quality
from litter/manure * * * * will determine the overall litter

-Housing duration * * * production and accumulation. Check

for consistency with IPCC GHG
emission estimation methodology. Use
production specific (e.g. indoor vs
outdoor cattle) waste and N loading
methods.

-Simplifying LUC impacts * * * * * * LUC Check assumptions on embodied LUC
-Misinterpretation of the Climate Change change emissions (e.g. what changes in
emissions from deforestation or land use were assumed, over what time
pasture conversion due to grazing frame).
or feed production

-Underestimation of soil organic * * * * * * As above Acknowledging residue management
carbon and soil dynamics helps avoid blind
-Underestimation and * * spots.
misinterpretation of residue Include sensitivities w/wo impact of
management soil carbon accumulation based on

literature assessment for appropriate
regions.

For carbon loss assess if region of
specific crop cultivation has significant
carbon content (e.g. peaty soils).
Consult the IPCC Tier 1 methods for
modelling soil carbon (i.e. multiply
reference soil carbon stocks and stock
change factors related to land use,
management actions and inputs) (
IPCC, 2019).

-Using CH4 emission factors for As above Consider adapting existing method
enteric fermentation that do not * IPCC tier 2 calculation methodology
account for changes in feed including specific estimates on
formulation. digestibility (IPCC, 2019).

-Underestimation of soil NyO * * * * * * Climate Change Methodological development (e.g.
emissions Eutrophication define more specific/targeted emission

Acidification factors based on soil conditions, crop
rotation, residue management, etc.
IPCC tier 2/3)
Use of generic secondary data For all impact Always use the national statistics.
% * *

-Over and underestimation of
crop yield
-Fertiliser and pesticide use (type
and application rate)
(feed production in livestock and
layers; main crop production)
-Combined use of (e.g. regional)
average data for fertilizer and
pesticides production while using
site-specific data for crop yields
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categories
Climate Change

Eutrophication

For all impact
categories

Unless representing a specific region.

As above

Consider producing additional
exemplars reflecting sub value chains
for which highly granular estimates of
inputs and yields are available.

(continued on next page)
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Table 9 (continued)
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Sources of uncertainty Commodity/ FU at farm gate

Most associated Data/methodological options for

impact categor expansion.
Livestock layers Field crops Protected P gory P
(liveweight) greenhouse
crops
Broiler ~ Pig  Beef  Chicken Potatoes ~ Wheat ~ Tomatoes
eggs

Generic data on energy use * * * * *
-Under and over estimation of
farm machinery use and other
agronomic practices
-Using outdated energy profiles
for greenhouse operations (e.g.
ignoring LED lighting)
-Assuming uniform emissions for
greenhouse energy use (without
accounting for regional energy
grids)
-Ignoring impact of other
agricultural practice (e.g. crop
rotation, drying etc).
Allocation
-Misrepresenting changes of herd — * * *
dynamics (growth rates,
digestion efficiency, reproductive
rates within a herd), mass balance
-Misallocating burdens between co-  * * * * *
products (meat, milk, manure,
grain, waste, straw)

Climate Change More detailed study identifying if
energy constitutes a greater hotspot (e.

g. in protected tomato cultivation).

Fossil resources
use

For all impact Check seasonal/regional variation”

categories

As above More detailed study identifying it a
greater hotspot
The use of sub-processes

As above Compare results under different

allocation schemes to determine
sensitivity to allocation scheme,
particularly in relation to commodity
of focus.

Ensure waste and non-waste co-
products are distinguished.

2 In the case study year for wheat, the winter wheat harvest period for the study year experienced temperature meant that wheat moisture level necessitated minimal
on farm drying, this cannot be generalised. This also provides equanimity with tomato systems that did not assume additional cooling.

on methodological choices (Castellani et al., 2017; Gheewala et al.,
2020; Notarnicola et al., 2017), many databases still lack detailed and
regionally representative datasets (Notarnicola et al., 2017).

To address this, a pedigree matrix can be employed to assess the
actual quality of collected data—evaluating dimensions such as reli-
ability, completeness, temporal, geographical, and technological
representativeness. This tool is particularly useful during the scoping
phase and can also help define specific data quality goals for a full LCA
(see Table 4S, supporting materials-A).

3.3. Managing uncertainty

In LCA, the predominant sources of uncertainty include parameter
uncertainty, data variability and quality, scenario uncertainty, diverse
methodological choices, model uncertainty, and impact assessment
frameworks (Bamber et al., 2020; Barahmand and Eikeland, 2022).
Initial LCAs often rely on incomplete or low-quality data due to time and
resource constraints, which can result in high levels of uncertainty and
potentially misleading conclusions (Gradin and Bjorklund, 2021; Kiemel
et al., 2022; Pernollet et al., 2017).

While conducting a formal uncertainty analysis is often beyond the
scope of an initial LCA, some accounting of uncertainty is necessary to
meet study objectives and guide iterative improvements. Fig. 6 presents
a structured framework for identifying and managing uncertainties in an
initial LCA.

Although qualitative evaluation of uncertainty is possible—based on
data quality, model assumptions, and system boundaries—rigorous
uncertainty analysis requires quantifying uncertainty for each input (e.
g., using ranges and probability distributions) and reflecting this in the
impact estimation (Bamber et al., 2020). This process demands both
methodological expertise and a comprehensive understanding of the
wider system under consideration (Notarnicola et al., 2017).
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Table 9 presents potential areas of uncertainty and the impact cat-
egories affected in the exemplar case studies. Consequently, the use of
default or proxy information is often necessary to address data gaps.
However, default data—such as yield factors based on average agro-
nomic parameters or historical data—may not provide reliable estimates
due to variability in management practices and performance at regional
levels.

Depending on the objectives of a full LCA, a detailed uncertainty
analysis, including sensitivity and scenario analyses, would offer more
robust insights (ISO, 2006b). When sufficient data are available, the
uncertainty of inputs and outputs can be assessed by comparing annual
average data collected over a defined multi-year period (Cerutti et al.,
2014), or by comparing estimates across regions.

For variables such as yield, conventional field-level sampling may
produce inaccurate estimates at a given time or yield values may only be
representative within a limited temporal window. As such, conducting
an adequate uncertainty analysis can itself increase data requirements.
Analogous to the pedigree matrix, uncertainty due to data limitations
can be assessed across several dimensions, such as reliability,
completeness, temporal, geographical, and technological representa-
tiveness, using a scoring scale (typically from 1 to 5) (Igos et al., 2019) as
in Table 4S (in supporting materials-A). These scores can then be
translated into uncertainty factors, which help quantify the confidence
level associated with each input and output in the LCI. This approach
supports more transparent interpretation and prioritisation of data
improvement efforts, particularly in transitioning from an initial to a full
LCA. A quantitative, rather than qualitative uncertainty analysis, leads
to a more transparent increase in confidence in the LCA findings and
adds considerable value to the decision-making process, going beyond
merely indicating the confidence decision makers have in the results
(Guo and Murphy, 2012).

Whilst uncertainty analysis seeks to reflect a range of possible
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Table 10
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Comparison of preliminary UK LCA results (GWP- kg CO- eq) with literature to understand the possible uncertainty in the study.

Commodity

GWP (kg CO, eq/kg)
This study

GWP (kg CO; eq/kg) Examples from literature

Fresh Potato

Winter Wheat

Fresh Tomatoes
Eggs
Live Broiler

Live Pig

Live Beef

0.08

0.36

2.80

2.74

17.7

0.21 Italian systems for early potatoes (Timpanaro et al., 2021) but these studies have a lower yield and include storage.
0.23 for UK potatoes, including on-farm storage (Williams et al., 2006).

0.115 Potatoes at a farm in the UK (Blonk et al., 2022).

0.09 US systems taking the post-farm losses and % of farm stage into account (Parajuli et al., 2021).

0.2-0.5 in Spanish systems (Gonzalez-Garcia et al., 2023).

0.31-0.4 in Polish winter wheat ((Holka and Bienkowski, 2020).

0.8 for UK bread wheat (including on-farm drying) (Williams et al., 2006).

0.78-2.0 Dutch indoor tomatoes, (Anton et al., 2012).

1.08 Dutch indoor heated hydroponic tomatoes (WFLDB, 2022).

2.9-3.45 UK, (Leinonen et al., 2012a).

2.75 Dutch systems (Blonk et al., 2022).

3.1 Standard UK systems adapted from (Leinonen et al., 2012b) converted to liveweight, assuming a 70% carcass yield.
2.4 liveweight in Dutch Systems (Blonk et al., 2022).

2.2 Live weight, UK, (Rudolph et al., 2018).

2.4 Live weight, Denmark, (Nguyen et al., 2011).

2.95 Live weight, UK (Blonk et al., 2022).

8-14 Live weight for Irish systems (Herron et al., 2021).

15 Live weight, (Blonk et al., 2022).

8 adapted from (Williams et al., 2006) converted to liveweight assuming a 50% carcass yield.

Feed Production
(Livestock)

Field Emissions
(Arable Crops)

Energy Use in

Climate Control
(Protected Crops)

Feed
Composition Data (Gap) Focus
~»  More relevant/ specific data
acquisition
Feed Nutrition
Regions of
Origin
Uncertinity Analysis
~— Understanding the areas of
possible uncertinities
Fertiliser
>
) Herbicides/ )
Pesticides » Scenario/Sensitivity Analysis
g Statistical Analysis
.. Understanding the sensitivity
of the outputs to the variability
of the data, considering
different
possible alternatives
Heating
Sources
—> Reviewing and Reporting
Internal and External
Alternative
Technologies

Fig. 7. Showcasing potential hotspots identified during the initial LCA and likely parameters for an in-depth study for a full LCA.
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Table 11

A summary of potentially misleading approaches in an initial LCA with examples

and strategies.

Table 11 (continued)
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Life Cycle Misleading
Stage approaches

Examples and
Consequences

How to correct/
prevent

Life Cycle Misleading Examples and How to correct/
Stage approaches Consequences prevent
Goal and Defining imprecise
Scope FUs -Comparing the Describe the FU
Definition -Comparing environmental properly/
multifunctional impacts of locally transparently,
products and grown and imported including
processes products without important quality
considering the aspects.
difference in
production systems, Try finding
transport, and comparable
storage, etc., would properties among
-Comparing lead to biased alternative
products with conclusions. commodities.
different FUs. e.g. Comparing UK
heated greenhouse Assess
tomatoes and substitutability/
tomatoes grown in comparability of
plastic tunnels in FU within the
Spain. wider food
system/value
-Comparing absolute  chain.
impacts without
considering the
actual functionality
would lead to
misleading
interpretation and
conclusions.
e.g. Comparing
freshly harvested
fruit with fruit that
has been briefly
chilled on the farm.
Defining an
imprecise system Ignoring material Define the
boundary production and, in boundary
-Fully or partially some cases, residue explicitly.
excluding or waste
upstream activities management,
presents a partial Communicate the
-Confusing starting ~ picture of the overall  rationale behind
and end points process. the specific
boundary (was it
e.g. Misrepresenting  due to data
the specific type of availability,
plastic used in resource
polytunnels (type, constraints, or
quantity, functional specific research
life) would give a questions, etc.)
wrong interpretation
of GWP due to Compare results
tomato production. w/wo land use
change,
Ignoring land use
change in arable
cropping.
LCI -Use of outdated -Over/under Improve the
data estimation of temporal,
impacts geographical
-Use of data that appropriateness
represents a of data

different
geographical scope

-Use of proxy with
different products

-Use of banned

pesticides/chemicals

in some regions.

e.g. including the use

of Chlorpropham

For the same

impact categories,

compare hotspots
with alternatives
from other
studies. Review
input
assumptions.

-Double counting

-Over/under
estimation of
emission factors

Imprecise
assumptions in
allocation

(which was banned
in the UK in 2019)
for potato storage.

-Use secondary data
available for certain
countries as proxies
for other regions.

-Using generic data
for fertiliser
practices might not
reflect variations on
cultivar or regional
agronomic practices.

-Use of aggregate
estimates (e.g. fuel
use) in conjunction
with individual
estimates for specific
processes.

-Misrepresentation
of value chain stages,
e.g. additional/
unnecessary storage
processes.

-Use of fertiliser
emission factors that
incorporate both
production and field
emissions whilst
calculating direct
emissions separately.
Using generic
emission factors for
agricultural practices
(fertiliser
application/ manure
management)
without considering
the specific climate
conditions, soil
types, cultivar,
animal breeds, etc.

e.g. Using water
requirement/
consumption of UK
field tomatoes as a
proxy for Spain
tomatoes would
ignore the significant
differences in
irrigation needs.

e.g. Using generic
data for fertiliser
usage without
considering the
cultivar, regional
agronomic
conditions.
Disproportionate
allocation of
environmental
burden to co-
products.

Expand the
choices of
secondary data
sources when
primary datasets
are not available.

Utilise national
statistics where
possible as the
first choice.

Proper
documenting data
sources and
assumptions.

Seek stakeholder
engagement
where possible.
Rely on more than
one source when
using secondary
data/ proxies.

Develop a
process/value
chain flow
diagram in
tandem with FU
boundary
designation.

Expand the
choices of
secondary data
sources when
primary datasets
are not available

Proper
documenting of
data sources and
assumptions.

Don’t exclude
herd/flock
dynamics from
calculation.

(continued on next page)
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Table 11 (continued)
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Table 11 (continued)

Life Cycle Misleading Examples and How to correct/ Life Cycle Misleading Examples and How to correct/
Stage approaches Consequences prevent Stage approaches Consequences prevent
If using economic overlooking the and indirect
e.g. Allocation milk allocation ensure actual impact emissions
vs meat, wool vs consistent price e.g. distinguishing
meat in livestock applies (i.e. farm energy and
production based on gate vs market biogenic sources
differing biophysical price, inconsistent Misinterpretation of of GWP
or economic criteria.  time boundary). ecotoxicity and
human toxicity The toxicity of a
Test price e.g. Freshwater chemical must be
assumptions for Ecotoxicity” and assessed by
co-products of low ‘Human toxicity — considering
volume but high cancer - non cancer concentration in
products. effect’ reflect the the specific
potential impact on receiving
Consider function ecosystem and compartment, not
of main product. human health, but just via a quantity
Impact -Use of impact Focusing on impacts, =~ Compare impact should not beused to  as reported in LCL
Assessment categories, without  such as climate categories with on conclude that
representing the change (globally the context and product X is safer or
scope induced) while objective of the healthier than
ignoring local study, consider product Y.
impacts, such as importance of Neglecting trade- Focusing on a single Be cognisant of
water use or land global, local, offs between impact category the functions of
use, etc., when resource, human categories result fails to convey  each impact
considering the impacts etc. the wider impact of assessment
overall material category when
environmental Be aware about substitution. interpreting
burdens in certain the limitations hotspots.
areas. and communicate Consider the
them e.g. A lower GWP in importance of
This could lead to transparently. Spanish produced global vs local vs
overlooking some tomatoes when resource use
relevant impacts in compared with UK impacts to the
some areas while greenhouse systems, research
favouring some other overlooking a higher  objective. Ensure
systems. water scarcity the hotspots for
e.g. lower climate impact each of these are
change impact and compared.
higher water use
impact in Spain
tomatoes. outcomes based on established ranges and probabilities, sensitivity
Interpretation Confusing absolute Without proper Use relative

vs relative impact
comparison

Misinterpretation
of uncertainty
checks/
comparison with
literature

Misinterpretation
of impacts

understanding of the
context and
limitations of the
data results can be
misconstrued.

e.g. Direct
comparison of
products based on
absolute values
(without
transparently
communicating the
limitations)

Make conclusions
without considering
the exact boundaries,
assumptions, and
data choices in other
studies.

e.g. for arable crops,
some studies may
include storage at
the farm gate, some
may not. Comparing
the results of two
systems (i.e. with
and without storage)
could misinterpret
the comparison.
Misinterpretation of
higher GWP,

impact if the focus
is to quantify/
understand the
significance of the
impact compared
to a benchmark or
another system.

Understand
potential
uncertainties and
limitations of the
assessment when
using absolute
values.

Foster awareness
about the
limitations of the
focused study and
communicate
them
transparently.

Distinguish/
categories direct

25

analysis is subjective and focuses on specific parameters (the selection of
which is influenced by hotspot analyses), which may be varied arbi-
trarily (Groen and Heijungs, 2017). However, these are by no means
mutually exclusive and indeed can be seen as part of the same toolkit.
For example, Helmes et al. (2022), in comparing the impact of bio and
fossil derived plastic products, initially applied a contribution analysis
to distinguish the most consequential processes, this allowed a subse-
quent sensitivity analysis for important variables (e.g. recycled plastic
content) and an uncertainly analysis via Monte Carlo simulation incor-
porating elements such as the uncertainty range for energy efficiency.
Whilst both sensitivity and uncertainty analyses seek to answer similar
but subtly different questions, in this case both confirm the potential
benefits of changing key variables such as the inclusion fraction of
recycled plastic. More generally sensitivity and/or scenario analysis is
arguably more appropriate for a scoping study, but it should be seen as
improving the baseline estimate before seeking to answer counterfactual
questions.

A comparison against existing studies can help position the scoping
results and thereby allow for an understanding of the uncertainties
within the range of results for comparative systems. As presented in
Table 10, in line with exemplar case studies, Parajuli et al. (2021) re-
ported a similar range of GWP for potatoes grown in the US (Gonzdlez-
Garcia et al., 2023) and UK fields (Blonk et al., 2022). Holka and
Bientkowski (2020) reported similar range values for GWP impact for
Spanish and Polish winter wheat, respectively. Similarly, for eggs, and
pork (Rudolph et al., 2018; Nguyen et al., 2011), we share a similar
range of results. However, reported higher GWP in other cases, for
example in beef (Herron et al., 2021), could be partly due to economic
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allocation based on the specific economic values, and division between
grass and non-grass feed. Equally, we observe different results than
(Williams et al., 2006) based on different data sources and boundaries.
Consideration of absolute values should be done under caution and only
for data quality controls, as absolute values derived from initial studies
might possibly underestimate or overestimate the actual environmental
footprint.

Communicating uncertainty is crucial to ensure transparency and
credibility, even in an initial LCA. Qualitative evaluations of uncertainty
levels can help prioritise future efforts to address it. When data/results
are uncertain and unavailable, expert judgement can be used to fill gaps
and provide insights into likely outcomes. Guidance on the main agri-
food value chain stakeholders (as in Table 2S, supporting materials-A)
can be used to identify potential experts. Distinguishing uncertainties/
errors in each single unit process and considering lifecycle stages ac-
cording to the FU is important, as these uncertainties are highly co-
related and overlooked easily (Norris, 2002).

3.4. Transitioning from an initial to full LCA

Depending on the study objectives, an LCA may conclude at the
scoping stage or serve as a foundation for more in-depth or alternative
analyses. For example, the case studies presented identified feed pro-
duction, field emissions, and energy use as major hotspots for livestock,
field crops, and protected crop production, respectively (Fig. 5a and b).
Insights from initial LCAs can inform the transition to a full LCA and may
include the following considerations (Fig. 7).

The appearance of common hotspots across multiple impact cate-
gories warrants further investigation. For instance, earlier results
showed that animal feed dominates several impact categories, suggest-
ing the need to re-evaluate assumptions regarding feed composition and
region of origin, particularly given the significant impact of LUC.

While uncertainty in scoping results may limit the insights gained,
identifying sources of uncertainty and data gaps is a critical step in
adding value to a full LCA. This may involve more detailed data
collection or dedicated uncertainty and sensitivity analyses. For PBFPs,
the accuracy and variability of yield estimates can significantly influ-
ence impact scores. For ABFPs, the consideration of co-pro-
ducts—especially their economic value when economic allocation is
used—is essential.

The emergence of anomalous or counter-intuitive results can high-
light areas requiring further analysis to confirm environmental burdens.
These anomalies may arise in comparisons within the same system (e.g.,
regional differences) or across the literature. A basic understanding of
the systems under review is necessary to distinguish results that require
confirmation or correction. For example, one commodity originally
included in this study (carrots) was excluded from the group of case
studies presented, as initial LCI and Impact assessment results suggested
an unexpected nitrogen efficiency estimate (i.e. kg N/kg). Therefore,
this was identified as worthy of further analysis to confirm or amend.

By way of summary, Table 11 presents potentially misleading ap-
proaches alongside suggestions for logical assumptions that can improve
the quality of outputs in both initial and full LCAs within AFPSs. The
results of a preparatory study can serve as components or building
blocks in databases that support subsequent LCAs. Given that all
stages—from goal and scope definition to interpretation—are inter-
linked, identifying errors or misleading assumptions at the level of in-
dividual unit processes is essential.

If the concerns outlined earlier are addressed, insights from scoping
studies and hotspot analyses in AFPSs can become valuable contribu-
tions to the scientific literature and support informed decision-making
across relevant sectors. However, it is also important to recognise that
while there is strong demand for initial LCAs in AFPSs, broader adoption
of simplified methods—and the associated risks of justifiable or
misleading assumptions—will closely depend on the specific unit pro-
cesses and flows within each food value chain.

26

Agricultural Systems 234 (2026) 104668

This study has presented recommendations for minimum re-
quirements in conducting initial LCAs for representative AFPSs up to the
farm or field gate. Future work could extend these recommendations to
more diversified agri-food value chain configurations, including farm-
to-factory, farm-to-fork, farm-to-end-of-life, or farm-to-farm (i.e.,
cradle-to-cradle) systems.

4. Conclusions

An initial LCA can serve as a starting point for understanding the
environmental impact associated with AFPSs as an input into a wider
assessment of their sustainability and thus help to direct the allocation of
resources for more comprehensive assessments. Results of the exemplar
scoping analysis based on UK conditions demonstrate the impacts and
the potential hotspots of the considered systems from an agronomic
perspective. Therefore, such a study could help stakeholders make
necessary decisions on impact improvement opportunities and prioritise
impact reduction actions without digging into a full LCA while under-
standing directions for a full LCA. Comparisons across different impact
categories and value chain stages emphasise the context dependency of
interpretation. In the example of tomatoes, comparison with Spanish
production systems for loose tomatoes shows that the (relative) GWP
benefits of non-heated systems come with increased local water and
eutrophication burdens. Expanding the boundary to consider additional
processing stages reduces the GWP differential but has a limited impact
on eutrophication.

Given the high demand for LCA in AFPSs, many publications base
their results on scoping studies. Poor assumptions and data quality
choices in such studies could lead to scientifically (and commercially)
misleading conclusions, as well as the fact that a scoping analysis
generally does not include an uncertainty and/or sensitivity check or
external reviews. There is, therefore, a clear need to formulate practical
guidance and recommendations for conducting an initial LCA, high-
lighting crucial data needs and potential strategies to overcome identi-
fied barriers. This paper has shared perspectives on conducting a
transparent and reliable scoping study, identifying the potential data
gaps, limitations, and the complex nature of the AFPSs, using repre-
sentative case studies which can be used to further develop more
insightful LCAs.
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