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ARTICLE INFO ABSTRACT

Keywords: Assessment of environmental hazards to and of the food system is vital to underpin effective decision making and
Sustainability intervention. In this study we combine a comprehensive literature review and a four-step analysis to investigate
Agriculture

whether life cycle analysis (LCA) can and should be applied for environmental hazard analysis. We reveal that
the current LCA methodological framework, although comprehensive, can only be used for certain aspects of
hazard assessment and has significant limitations in applications to food system. Our results indicate that while
LCA effectively quantifies chemical hazards such as emissions in the air, water and land, and physical hazards
such as use of natural resources, water and land, it provides limited insight into biological and broader physical
hazards. There are different challenges related to use of LCA in this context including insufficient hazard
coverage, data availability, quality and complexity, need of assessing risks at a local level and inaccuracies
related to global averages as well as which metrics are deployed. We discuss how LCA thus requires further
scientific enhancement on new impact categories, integration with other tools, development of dynamic models
utilising spatially and temporally differentiated data, and harmonisation with the hazard models and risk
assessment methods used in development of policy interventions. While building upon existing widespread use,
enhancement of LCA in this way could provide a means to generate a platform of seamlessly integrated tools
covering the full range of environmental hazards in the food system.

Food systems
Climate change
Decision making
Risk assessment

1. Introduction

Industrialisation and modern intensive agriculture have delivered
remarkable benefits for humanity, but these advances have also left a
problematic footprint that increasingly disrupts the health of our planet
and the productivity of our global food system. In 2020 agriculture and
food production accounted for 31 % of total global greenhouse gas
(GHG) emissions (FAO, 2022), 70 % of the global freshwater withdrawal
(IPCC, 2020), half of the world’s habitable land (Ritchie and Roser,
2019) leading to 27 % of global deforestation (Benton et al., 2021) and
over 13,000 species being endangered through agricultural land
clearing and degradation (Tilman and Williams, 2025). While food
production itself contributes to ecosystem degradation, equally

* Corresponding author.

importantly, external environmental factors also impact on the pro-
ductivity. Climate variability, changing precipitation and temperature
patterns, and extreme weather events can drive yield losses, price
volatility and alter the geographic distribution of pests and diseases,
thus posing difficult challenges to food production and supply chains.
Assessing risks posed by environmental hazards from and those
impacting on food systems is critical for developing effective policies
and interventions safeguarding health, protecting ecosystems, and
ensuring the long-term resilience and adaptation to changing environ-
mental conditions. Current approaches to risk assessment are largely
expert judgement based. Decision-making on policies and interventions
on sustainability in food systems and beyond would benefit from a ho-
listic framework that quantifies and integrates different impact
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dimensions using real-world data and modelling into a risk assessment
process. Initiatives such as the OneFood Programme (Cefas, 2024),
(GAIN et al., 2025), WWF Water (WWF, 2024a), Biodiversity Risk Filter
(WWF, 2025) and “Consumer Footprint and Basket of Products indicator
on Food” study (Castellani et al., 2017) underline the urgency of
developing platforms that integrate a variety of metrics and provide a
comprehensive picture.

Life Cycle Analysis (LCA) is a widely used framework, particularly in
global food systems, to quantify environmental impacts across a prod-
uct’s life cycle (ISO, 2006a). Despite its strengths, LCA has limitations,
including data quality issues, system boundary challenges, and un-
certainties in allocation methods (Guinée et al., 2011) as well as issues
related to interpretation of the results and transforming these into in-
terventions. The wider uptake by practitioners drives the urgent need in
harmonisation of the approaches to methodological choices. Addition-
ally, it struggles to integrate socio-economic factors and biodiversity
impacts, requiring complementary approaches (Notarnicola et al.,
2017b).

The development of LCA and its underlying methods continues, with
the scientific focus increasingly on the integration of LCA into other
frameworks and its further advancement. This study focuses on food
systems and examines the potential role of LCA in broader environ-
mental hazard and associated risk assessment. Specifically, it evaluates
to what extent a) LCA has been utilised so far in the context of risk
assessment, and b) LCA indicators provide quantitative outputs that can
be utilised in risk assessment (in respect to hazards’ severity and like-
lihood). Based on these results, the study identifies challenges in
deploying LCA for assessment of environmental hazards. It suggests how
these challenges could be addressed through further research and
development of the framework itself and through integration of LCA
with other analytical techniques and tools.

2. Literature review
2.1. Environmental hazards in the global food system

A "hazard" is defined as any potential source of harm or adverse ef-
fect (Willer et al., 2024). It represents the inherent potential for harm,
not the actual occurrence of harm. A hazard can lead to a potential risk,
which, in contrast, is defined by the severity of the impact and its like-
lihood or probability (Willer et al., 2024). Environmental hazards can be
broadly categorised into those created by the food system itself, and
external hazards impacting on the food system.

Building on a previous systematic literature review (Willer et al.,
2024), environmental hazards were categorised under biological,
chemical and physical hazards. Biological hazards arise from living or-
ganisms that disrupt and endanger human health and other living or-
ganisms. These include different pests, pathogens and zoonotic diseases,
and hazards affecting biodiversity (Schweihofer, 2024). Chemical haz-
ards arise from organic and inorganic substances and pollutants that
have toxic effects on the biological communities (Safe 360, 2024;
Shroder and Sivanpillai, 2016). These include use of pesticides, herbi-
cides, hormones, fertilizers, and resulting consequences, such as acidi-
fication and eutrophication (Safe 360, 2024). Physical hazards include
the degradation of land and water resources, and the effects of climate
change and natural disasters, which undermine ecosystems and threaten
the infrastructure and operations (Safe 360, 2024). Some hazards can be
allocated to multiple categories and are causally interlinked. For
example, the use of fertilisers can lead to water pollution and eutro-
phication, which in turn causes harmful algal blooms and subsequently
hypoxia.

2.2. Characteristics of the LCA framework

The characteristics distinguishing LCA from other tools are its ho-
listic life cycle perspective, broad range of environmental issues
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covered, and quantitative nature. LCA can be deployed for, and tailored
to, different scopes depending on the study’s objectives. The focus can
range from individual system, product, and service to business-, sector-,
or even country-level analyses (Hauschild et al., 2018). Key principles of
LCA and its process are codified in national and international standards
(ISO, 2006a; WRIwbcsd, 2011).

The LCA process comprises four interlinked and iterative phases:
definition of goal and scope, inventory analysis, life cycle impact
assessment (LCIA), and interpretation of results. The inventory analysis,
in particular, is a critical bottleneck due to the extensive data re-
quirements and methodological choices that can significantly influence
the overall outcomes. Two primary approaches are used: attributional
and consequential. While the attributional approach, which allocates
environmental impacts to a fixed system (e.g., an agricultural product),
has been more widely adopted (Hauschild et al., 2018; Schaubroeck,
2023), it often fails to capture systemic changes and broader economic
interactions. The consequential approach, which assesses environmental
consequences due to changes in demand or supply (Brandao et al.,
2017), offers a more dynamic perspective, but is inherently more com-
plex due to the increased reliance on economic and behavioural
modelling (Hauschild et al., 2018)

To streamline inventory analysis and integrate a macroeconomic
perspective, Environmentally Extended Input-Output analysis (EEIO)
can be employed as an alternative to the traditional process-based
approach. EEIO provides a more comprehensive understanding of
supply-chain interdependencies by combining economic and environ-
mental data (Hauschild et al., 2018; Kitzes, 2013; Pairotti et al., 2015).
However, EEIO has its own limitations, particularly in sectoral aggre-
gation and data resolution, which can obscure fine-grained variations at
the product level. Hybrid approaches have been proposed to address
these limitations (Crawford et al., 2018a).

Another key challenge in inventory analysis is the measurement of
material flows, particularly in complex systems such as the agri-food
supply chain. Fertilizer flows, for instance, pose significant challenges
in data collection due to variability in application rates, regional dif-
ferences, and lack of standardized reporting (Notarnicola et al., 2017a).
Material Flow Analysis (MFA) has been introduced as a complementary
method, providing a systematic approach to tracking material and
substance flows across life cycle stages (Vasquez-Ibarra et al., 2024).

Another critical issue in LCA is data reliability and uncertainty. Many
datasets rely on industry averages or secondary data sources, which may
not accurately reflect specific conditions. In agricultural systems, vari-
ability in environmental conditions, management practices, and tech-
nological efficiency further complicate data collection. Uncertainty
analysis techniques, such as Monte Carlo simulations and pedigree
matrices, are often used to quantify and manage uncertainty in LCA
models (Hauschild et al., 2018).

The selection of the LCIA method also presents challenges, as
different methods emphasize different environmental concerns and the
methodological choice influences results significantly. Currently, over
ten LCIA methods exist (European Commission Joint Research Centre,
2010) ReCiPe 2016 is among the most comprehensive methods,
covering 17 mid-point indicators that aggregate into three end-point
indicators representing impacts on human health, ecosystems, and
resource availability (Huijbregts et al., 2017a).

While conceptually straightforward, the application of LCA remains
highly complex in practice. The selection of functional units, system
boundaries, and inventory and LCIA methods introduces methodolog-
ical variability that can alter study outcomes (Hauschild et al., 2018).
Additionally, to-date, many LCA studies provide static snapshots rather
than incorporating dynamic modelling approaches that capture tem-
poral changes. This limitation is particularly relevant in systems subject
to seasonal variability, policy shifts, or technological advancements.
Furthermore, LCA typically focuses on normal operations rather than
accounting for disruptions or extreme events, which may necessitate
separate risk assessments. LCA results, while designed to be presented in
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interpretable units, require detailed knowledge of the underpinning
methodological assumptions to accurately interpret results. These
methodological challenges from LCA also affect standardised frame-
works like Environmental Product Declarations (ISO, 2006b) or Product
Environmental Footprints (Fazio et al., 2020) developed to effectively
integrate LCA insights into sustainability strategies, policy, and market
communication.

Ultimately, LCA remains a crucial tool for environmental decision-
making. Its outputs can guide policymakers, businesses, and other
stakeholders in understanding environmental trade-offs. However,
addressing the limitations is essential to improving the robustness and
significance of LCA studies.

2.3. Current application of LCA for food systems

Research to date has covered not only basic LCA, but also integrative
methods across different food systems, regional applications and inter-
vention types, and has flagged key challenges and areas of need.

Often LCAs are conducted for assessing the environmental footprint
of a particular product, mostly focused on developed countries
(Alhashim et al., 2021). Numerous studies have demonstrated the rele-
vance of LCA for comparative analyses of agricultural food systems.
Cucurachi et al. (2019) for example, based on LCA, re-emphasized that
beef production has a significantly higher environmental impact than
plant-based systems, using this to demonstrate the potential of innova-
tive agricultural practices, such as urban farming and lab-grown meat.
They also noted that while organic farming generally has lower impacts
compared to intensive farming, it requires larger production areas,
potentially leading to greater land use.

The integration of the energy, water, and food (EWF) nexus is
essential for understanding complex interdependencies within food
production systems. Recent academic studies present LCA models to
analyse the sustainability of food production systems within the EWF
nexus (Al-Ansari et al.,, 2014, 2015). Some of these studies have
demonstrated that the food production system is the largest contributor
to climate change within the EWF nexus highlighting the potential for
significant emission reductions and enhanced resource use efficiency, by
switching from fossil fuels to solar energy.

The application of LCA in different regions reveals unique challenges
and opportunities. Alhashim et al. (2021) conclude that to date LCA
models and databases are best suited for European countries. National
inventory databases as for instance emphasized by Harding et al. (2021)
for South Africa can help improve data quality and reliability for
assessing food production systems. Similarly, Harding et al. (2021;
Karkour et al., 2021) highlighted the limited adoption of LCA in Africa
compared to other regions, stressing the importance of developing
localised inventory databases and region-specific LCIA methods to
enhance the effectiveness of studies.

Studies such as have categorised LCA-based interventions into
supply-side, demand-side, and system-level, revealing the need for ho-
listic approaches to sustainability. Further studies underscore the ne-
cessity of applying LCA not only to agricultural production but also to
post-farm stages, including processing, packaging, distribution, con-
sumption, and waste management (McLaren, 2010).

Methodological challenges in applying LCA to food systems have
been flagged across academic studies. Examples include variability in
food production systems, distinguishing between techno-sphere and
ecosphere, defining appropriate functional units, and accurately
modelling emissions (Hauschild et al., 2018; Notarnicola et al., 2017a;
Vidergar et al., 2021). Also, increasingly, studies highlight that while
case-based deployment of LCA is important, there is an urgent need for
integrating further aspects into LCA such as socio-economic, health and
nutrition, and agricultural metrics, which may require development of
solutions that integrate LCA with other models (Jones et al., 2017;
Moutik et al., 2023; Vidergar et al., 2021).
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2.4. Integration of LCA and environmental risk assessment (ERA)

While the LCA quantifies the potential environmental impacts,
decision-making on possible interventions at policy and sectoral level
requires an understanding of the associated risk dimension (potential
severity and likelihood of occurrence). Multiple case studies demon-
strate integration of LCA and ERA by either using LCA as a subset of ERA,
ERA feeding into LCA, or, using both in parallel but they also flag the
need to develop a better integration process and a harmonised frame-
work (De Luca Pena et al., 2022). Despite the benefits of a compre-
hensive combined assessment, there are significant limitations due to for
instance the effort and cost required, the data and information available,
and the difficulties in integrating some indicators (Muazu et al., 2021).
However, rapidly evolving artificial intelligence (AI) and machine
learning (ML) tools, cheap powerful processing, and ready access to
cloud-based big datasets, are making it increasingly feasible to support
big data analytics and complex modelling (Romeiko et al., 2024).

Academic reviews emphasize that the many studies examine inte-
gration only for a narrow, case study-based scope and not at a concep-
tual level, which is needed for policy makers (Muazu et al., 2021). This
study seeks to contribute to the conceptual development by examining
the requirements for the role of LCA in risk assessment from the
perspective of hazards in food systems as shown in Fig. 1.

3. Methodolody

The methodological approach adopted to analyse suitability of LCA
for understanding environmental hazards in food systems consisted of
four steps as shown in Fig. 2.

The analysis began with Step 1 building on Willer et al. (2024) in
which a structured list of environmental hazards was created based on
the literature review in Scopus (Elsevier, 2024) and a multi-stage
approach. It consisted of a) selection of search terms based on a
top-level value-chain perspective; b) identification of 337 hazards across
16 segments; c) consolidation of the long list of hazards into 39 direct
and 11 indirect hazards in collaboration with experts from OneFood
Programme (Bremner et al., 2023; Cefas, 2024); d) further catego-
risation under biological, chemical, and physical hazards following
Hazard Analysis Critical Control Point (HACCP) guidelines; and e) ul-
timately narrowing to 33 hazards through expert solicitation process
(Willer et al., 2024) (see Table 4; Supplementary data 1 and 3).

To understand the extent to which LCA (using ReCiPe, 2016) can be
used as a method for assessing environmental hazards, two requirements
on the methodology were defined in Step 2 through a consultation with
OneFood Programme experts (Bremner et al., 2023; Cefas, 2024). It
included a series of facilitated meetings with the experts to establish
understanding of their requirements on LCA and confirm these re-
quirements through five short interviews with other academic partners
focusing on health and nutritional value, economic and societal aspects
of a sustainable food system. The requirements were: 1) LCA should help
collecting and processing the information associated with the hazard in
a structured process; and 2) LCA should help quantify the potential
impacts of a hazard using a standardised approach and metrics.

Step 3 begun with a metadata review of scientific publications from
2000 to 2023, as the last two decades have seen significant methodo-
logical progress and widespread use of LCA by practitioners, using
Scopus (Elsevier, 2024) to explore the extent of coverage of hazards
using LCA in the food system (see PRISMA flow diagram in Supple-
mentary Data 2). All studies applying LCA or LCA-based methods of
analysis for global food production were identified. The search string
included both industry-specific search terms and terms related to food
and beverages (see Supplementary Data 2).

Within this extracted dataset of studies, the research team deployed
an automated search for country of study based on title, author, key-
words/index keywords, abstract using standard country names as
identified in ISO 3166-1 (2020). The script included code to exclude the
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ERA Process based on EU Directive 2001/18/EC and LCA Potential Contributionto ERA Process
Regulation (EC) No. 1829/2003
St s I: LCA can help to identify relevant
—> |. Hazard Identification and Problem Formulation «— environmental hazards and their impacts.
v v
Il. Hazard . Exposure <«— lI: LCA provides quantitative data on
Characterisation Characterisation environmental impacts, aiding in characterising
hazards.
lll: Data from LCA inventory and impact
assessment can be used to determine the
l exposure to identified hazards.
5 S IV-VI: are informed by LCA through its
IV. Risk Characterisation «— contribution in I-IL.
v
V. Risk Management Strategies
v

:

— VI. Overall risk evaluation and Conclusions

Decision-making on Policies and Interventions

Fig. 1. Based on EU Directive 2001/18/EC, 2003 and Regulation (EC) No 1829/2003 (2003), the six steps of the Environmental Risk Assessment (ERA) and the
potential contribution of Life Cycle Assessment (LCA) at each step for an integrated solution.

Step 1 List of environmental hazards (Supplementary Data 1 and 3)

‘ 1.1 Search term selection based on the food system value chain |

v
‘ 1.2 Identification of a long list of environmental hazards |

v

‘ 1.3 Consolidation through collaboration with experts |

v
’ 1.4 Categorisation under biological, chemical, and physical hazards |

v
’ 1.5 Short list of environmental hazards though expert solicitation |

Step 2
Definition of the two requirements on using LCA methodology for the
assessment of environmental hazards

| 2.1 Consultations with the OneFood programme’s steering experts ‘

v

| 2.2 Short interviews with the academic OneFood programme partners ‘

Step 3 Mapping hazards, considering sources and impacts, to LCA mid-
and end-point impact categories and corresponding inventory data
(Section 4 and Supplementary Data 4)

3.1 Literature review on use of LCA for the assessment of the
environmental hazards (Supplementary Data 2 - PRISMA)

v

3.2 Allocation of the region and type of hazard and plotting of absolute
and normalised number of publications to identify research gaps

v
3.3 Mapping of the LCA mid- and end-point impact categories to
hazards

v

3.4 Secondary research of metrics typically used to evaluate a given
hazard and any tools/methods that are used as best practices

v

3.5 Validation though interviews with a small number of selected
external experts

v

Step 4
To address the identified challenges in using LCA for the assessment of
hazards, review of the research and development needed (Section 5)

Fig. 2. Methodological approach to analyse suitability of LCA for understanding hazards in food systems.

country name associated with the copyright notice. Where no country
was identified in those initial fields the affiliations prioritising lead
affiliation were used, and failing that, the correspondence address.
Manual correction was undertaken to resolve any anomalies associated
with country names. Based on the identified countries, the studies were
allocated to the relevant geographical regions. Next, references to spe-
cific hazards within the title, abstract and keywords were identified
using the hazards search terms based on Willer et al. (2024) (see Sup-
plementary Data 3).

An absolute number of publications per region and per type of hazard
resulted from this process. A normalisation was conducted by setting the
absolute number of publications per continent to the total number of

publications per continent in Scopus (see Supplementary Data 2). The
absolute and normalised numbers were plotted to analyse how wide-
spread the use of LCA for environmental hazard assessment is across
different regions.

A detailed mapping of LCA capabilities using ReCiPe 2016 mid- and
end-point indicators (see Supplementary Data 4) to each hazard,
considering both its sources and impacts, followed. The research team
reviewed the technical methodological documentation of LCA/ReCiPe
(Huijbregts et al., 2017a,b) and supporting academic literature to gather
information on what aspects of hazards are addressed by a given LCA
indicator and its underlying models of causality chains for environ-
mental impacts (European Commission Joint Research Centre, 2010;
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Hauschild et al., 2018). These data were supplemented by additional
review of the academic literature, industry reports and guidelines to
understand what metrics are typically used to evaluate a given hazard
and to capture any tools/methods that are used as current best practices
(see Supplementary Data 4). The conclusions were validated though
interviews with a small number of selected external experts. This anal-
ysis highlighted areas where LCA provides robust insights as well as
areas where its coverage is insufficient.

The final Step 4 shows how further research and development can
help address the identified challenges in using LCA for the assessment of
hazards.

4. Results
4.1. The use of LCA to assess hazards in food systems

The number of publications using of LCA in food systems that refer to
environmental hazards has increased over time (Fig. 3). Hazards that
seem to have received the most attention in the academic literature are
air pollution (including GHG), water scarcity, extreme temperatures and
weather, fertilizers, eutrophication, organic waste, and industrial (non-
organic including packaging) waste. Here it is important to note that
extreme temperatures and weather are not directly assessed in LCA, but
they are the severe consequences of GHG emissions and a crucial factor
impacting productivity of agricultural sector (Lesk et al., 2016; Ver-
meulen et al., 2012; Vogel et al., 2019). Other, biological and physical
hazards such as wildfire, invasive non-native species and antibiotic
resistance receive almost no mention in studies using LCA.

Our analysis also revealed that the majority of LCA publications
relating to environmental hazards are focussed on Europe, Asia and
North America (Fig. 4a), but that when the data are normalised against
the total number of publications per continent, the distribution is more
balanced (Fig. 4b). Fig. 4a demonstrates that publications focused on
Europe, Asia and North America make up 70-90 % of all publications,
with this trend being seen across all hazard types, and we also note that
the vast majority of publications in Asia refer to China. Fig. 4b shows
that when normalised by total publication number, South America,
Oceania and Africa account for around 60 % of the attention, again
across all hazards.

4.2. Mapping of hazards to LCA indicators

4.2.1. Biological hazards

Biological hazards are the category least covered by the LCA, as
shown in Table 1. LCA does not assess nor provide information on
pathogens, weeds and toxic plants, pests and zoonotic diseases, human-
environmental conflict, invasive non-native species or genetic erosion.
However, three hazards can be at least partially evaluated using LCA:
biodiversity loss, harmful algal blooms, and organic waste.

Regarding biodiversity, multiple mid-point indicators such as global
warming potential, water use, ecotoxicity, eutrophication are aggre-
gated into the end-point indicator ecosystems health, which provides a
normalised metric to assess the impact on biodiversity measured by
relative species loss. Harmful algal blooms are a critical local hazard
affecting aquatic ecosystems (Kudela et al., 2015). While LCA evaluates
triggers of harmful algal blooms, discharge of chemical substances, it
does not measure it directly and practitioners would often use average
empirical data (Anderson et al., 2012). Organic waste is captured during
the inventory analysis and typically reported as a waste category. The
quality of the reported results heavily depends on the available industry
data. While the scientific models used in LCA are well developed for
terrestrial and freshwater applications, the modelling of biodiversity
loss associated with marine ecosystems is limited (European Commis-
sion Joint Research Centre, 2010; Hauschild et al., 2018).

Finally, LCA does not directly assess the biological hazards acting on
food systems. However, local data such as soil conditions, biomes,
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climate conditions, agricultural practices, and water availability may be
collected and factored into the inventory analysis step. Also, while mid-
and end-point indicators are relative metrics, they include some
consideration of the impact on human-made systems. Thus, if LCA is
locally focused and spatially differentiated, its results can provide im-
plications specific to the local food system, e.g. on loss of pollinators
(Klein et al., 2023).

4.2.2. Chemical hazards

Chemical hazards are comprehensively covered by LCA (Table 2).
Acidification is explicitly covered in the LCA by a dedicated mid-point
indicator. However, this environmental issue is only well assessed for
terrestrial and freshwater systems, while scientific models for ocean
acidification are still under development (Bach et al., 2016; Huijbregts
et al., 2017). Regarding air pollution, sources are various, including
direct emissions from livestock and combustion of fossil fuels and in-
direct emissions, such as from energy use (Hauschild et al., 2018). Air
pollution is comprehensively covered by LCA, where the contribution of
individual substances is well understood and modelled. Their impacts
are consolidated into multiple mid-point indicators and aggregated into
endpoint indicators to quantify implications on damage to human health
and ecosystems. The LCA databases contain the characterisation factors
for a range of agricultural precursor materials and products, including
refrigerants that are another key pollutant from the food industry with
impact thousands of times higher than that of carbon dioxide (Hauschild
et al., 2018; Sphera, 2024).

Fertilisers, herbicides, and pesticides are of major importance and
the most critical sources of emissions of the sector. The type and quantity
of substances used are usually recorded in the inventory analysis, and
commonly used chemicals are likely to be included in commercial LCA
databases, but some exotic chemicals may not be included. Their asso-
ciated emissions to air, freshwater and soil are quantified with multiple
mid-point indicators including ‘acidification’ and ‘eutrophication’ of
marine and freshwater ecosystems.

Given its importance, eutrophication is included as a separate haz-
ard. Consequences of eutrophication due to nitrogen and phosphorus
emissions in water bodies are harmful algal blooms and hypoxia, which
describes oxygen depletion (Hauschild et al., 2018). However, emissions
of biological oxygen demand (BOD) and chemical oxygen demand can
also lead to hypoxia (Hauschild et al., 2018; Currently, ReCiPe 2016 (as
well as many other methods) uses nitrogen and phosphorous ratios
without considering the contribution of BOD or COD (Hauschild et al.,
2018). Marine eutrophication is also not yet included in LCA, but models
are under development (Huijbregts et al., 2017a,b; Morelli et al., 2018).

Heavy metals such as lead, mercury, cadmium and chromium can
have a significant negative impact on human health and the environ-
ment. The inventory analysis identifies the sources of heavy metal
emissions, such as raw material extraction, production, use and disposal,
and quantifies specific data on heavy metal emissions, releases and
discharges. Their impacts are considered using categories such as human
toxicity, terrestrial and aquatic ecotoxicity and resource depletion.

Industrial waste, plastics and chemical discharge will typically be
quantified in the inventory analysis and the impacts of the associated
substances are categorised and considered within the relevant indicator
categories in the impact assessment. While LCA includes planned
discharge of chemicals such as detergents into the environment, LCA
would not cover accidental unplanned spillages and leakages which are
likely to be the more important hazard at the local level. Furthermore,
the issue of microplastics and the associated influences on the envi-
ronment are not assessed.

Radiological contamination is addressed by the impact category
‘lonising radiation’ that measures exposure of the global population to
the radionuclide emissions. Radionuclides can be inhaled, ingested
during swimming in open water, via drinking water or through
contaminated food. While LCA does evaluate the damage to human
health, the damage to ecosystems is not addressed by the existing
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Fig. 3. Publications that use LCA and refer to environmental hazards in food systems. The overall number of these publications is growing but not all hazards
receive the same level of attention. The colours on the graph are organised bottom to top being highest to lowest number of publications, with black referring to air

pollution, blue to water scarcity, red to extreme temperatures and weather, and so on.
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Fig. 4. Breakdown of publications by hazard category and continent: a) Percentage of publications by continent based on the absolute number of
publications; b) Normalised against the total number of publications per continent. The figures highlight that, when normalised, there is a more balanced

representation of different continents across all publications.

models.

The increasing use of hormones in food systems is of a rising concern
as the effects on human and ecosystem health are not yet fully under-
stood (Kasonga et al., 2021; Schroder et al.,, 2016). LCA does not
currently quantify the impacts related to this.

Land use is a mid-point indicator evaluating impact on the most
important ecosystem services such as biotic productivity, carbon
sequestration and mechanical and chemical filtration capacity
(Hauschild et al., 2018), but it does not quantify the chemical and
nutrient imbalances that lead to poor soil fertility.

As seen with biological hazards, LCA does not directly assess the
impacts of chemical hazards acting on the food systems, but the in-
ventory and to a limited extent impact analyses may provide relevant
information.

4.2.3. Physical hazards
The coverage of physical hazards by LCA is presented in Table 3. It

demonstrates that although evaluation of the impacts of some hazards is
integrated within LCA, there are some important gaps in coverage.

Depletion of natural resources is broadly covered in LCA at mid-point
level through mineral fossil and renewable resource depletion indicators
as well as at the end-point level through ‘damage to resource avail-
ability’. Destructive fishing practices such as cyanide and blast fishing
are not directly covered by any LCA indicator. These practices affect
species richness (Willer et al., 2022) and may be included in the in-
ventory analysis stage via the input and output flows.

The LCA comprehensively assesses the contribution of human ac-
tivities to climate change, by quantifying the impact of substances
emitted in the air, water and soil. However, the impacts of climate
change on agriculture and other types of food production through
extreme temperatures and weather, long-term temperature increases,
increasing storm frequency and severity, flooding and waterlogging,
drought and wildfires pose an immediate threat to local and global food
production activities that are not captured in most LCA models at
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Table 1

Assessment of LCA for evaluation of biological hazards. An LCA study will
only provide very limited information to the extent of biological hazards caused
by food systems and those hazards acting on food systems.

BIOLOGICAL Metrics in LCA addressing the Extent to which LCA
HAZARDS hazards addresses the hazard
impact of and on food
systems
OF food ON food
systems systems
Biodiversity Loss Area of Protection “Ecosystem Broad Very
(including loss of Health” (end-point indicator) Coverage limited
pollinators)
Genetic Erosion None None None
Harmful Algal Eutrophication Potential and Partial Very
Blooms Area of Protection “Ecosystem Coverage limited
Health” (end-point indicator)
Human- None None None
Environment
Conflict
Invasive Non-native None None None
Species
Organic Waste Declaration of the waste Broad None
streams in the inventory Coverage
analysis
Pathogens None None None
Pests None None None
Weeds and None Not None
Poisonous Plants applicable
Zoonotic Diseases None None None

‘Broad Coverage’: LCA fulfils all requirements. ‘Partial Coverage’: LCA fulfils at
least one requirement. ‘Very limited’: LCA does not fulfil any of two re-
quirements but includes some relevant information. ‘None’: LCA does not fulfil
any of two requirements. This table was produced using Hauschild et al. (2018),
the ILCD Handbook (European Commission Joint Research Centre, 2010) and
the methodological documentation from ReCiPe (2016); Huijbregts et al.,
2017a,b.

present.

Water is a key resource in food systems and thus, water scarcity is a
crucial hazard. Water use data is assessed during the inventory analysis,
quantified by the mid-point indicator ‘water use’, and the negative im-
pacts of water consumption and pollution on human health and eco-
systems are evaluated in the assessment of damage pathways towards
the endpoint indicators. Also, LCA has been used as a baseline for
development of methodological approaches to evaluate water use and
its damaging consequences on the environment. An example is the ISO
14046 on water footprint (ISO, 2014). The scientific community also
highlights the need for complementary use of volumetric and
impact-based water footprints to address both water as a global resource
and local scarcity and impacts (Pfister et al., 2017).

Land use change and soil contamination and compaction are
addressed by the mid-point indicator ‘land use’ and links the loss of
habitat and soil disturbance to the effects on species richness.

Finally, the models of the indicators describing the impact of noise
and light pollution are currently in scientific development (European
Commission Joint Research Centre, 2010).

As for other hazard categories, LCA provides very limited informa-
tion on the impact of physical hazards acting on food systems unless
using highly localised inventory data.

5. Discussion

To summarise, our analysis has revealed that whilst a range of haz-
ards to or of the food system are covered by LCA, there are major gaps.
Biological hazards are most poorly covered by LCA, with no information
on pathogens, weeds and toxic plants, pests and zoonotic diseases,
human-environmental conflict, invasive non-native species or genetic
erosion. Physical hazards are covered better, but still with large gaps
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Table 2

Assessment of LCA for evaluation of chemical hazards. An LCA study will
provide comprehensive information about the extent of chemical hazards caused
by food systems, but only very limited information about the hazards acting on
food systems.

CHEMICAL HAZARDS  Metrics in LCA addressing the  Extent to which LCA
hazards addresses the hazard
impact of and on food
systems
OF food ON food
systems systems
Acidification Acidification Potential Broad None
Coverage
Air Pollution Global Warming Potential, Broad None
Particulate Matter, Coverage
Photochemical Ozone
Formation, Stratospheric
Ozone Depletion,
Tropospheric Ozone
Formation
Antibiotic Resistance None None None
Chemical Pollution Declaration of the chemical Broad Very
substances use in the Coverage limited
inventory analysis, all*

Eutrophication Terrestrial, Freshwater and Broad None

Marine Eutrophication Coverage
Potential
Fertilisers (improper Declaration of the fertilizers Broad Very
use) use in the inventory analysis, Coverage limited
all*, specifically
Eutrophication Potential,
Acidification Potential
Heavy Metals all* Broad Very
Coverage limited

Herbicides (improper Declaration of the chemical Broad Very
use) substances use in the Coverage limited

inventory analysis, all*

Hormone pollution None None None

Industrial Waste Declaration of the waste Broad Very
(including Retail streams in the inventory Coverage limited
Packaging waste) analysis

Pesticides (improper Declaration of the chemical Broad Very
use) substances use in the Coverage limited

inventory analysis, all*

Plastics and Declaration of the resource Broad Very
Microplastics in streams in the inventory Coverage limited
Food Production analysis, all*

Poor Soil Fertility Land Use Partial Very

Coverage limited

Radiological Ionising radiation Broad None

Contamination Coverage

‘Broad Coverage’: LCA fulfils all requirements. ‘Partial Coverage’: LCA fulfils at
least one requirement. ‘Very limited’: LCA does not fulfil any of two re-
quirements but includes some relevant information. ‘None’: LCA does not fulfil
any of two requirements. This table was produced using Hauschild et al. (2018),
the ILCD Handbook (European Commission Joint Research Centre, 2010) and
the methodological documentation from ReCiPe (2016); Huijbregts et al.,
2017a,b). *Note: “all” refers to hazards that comprise various substances
polluting air, land and water. Their emission is considered in the impact path-
ways of multiple impact categories and thus, they are covered by most mid-point
and end-point indicators.

including weather extremes, flooding and destructive fishing. Chemical
hazards are more comprehensively covered, with only antibiotic resis-
tance and hormones receiving no coverage. A few selected issues such as
air pollution, water scarcity, and other climate change effects, currently
attract more attention than other hazards. The number of publications
on LCA in the food system has been increasing over time, with over
19,000 publications to date, but we also note that this represents less
than 1 % of all food system publications. For LCA to be effective in
tackling food system hazards, there is a need for greater, broader, and
deeper coverage, and additional approaches, as we discuss below.
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Table 3

Assessment of LCA for evaluation of physical hazards. An LCA study will
provide information about the extent of physical hazards, in particular related to
use of natural resources, water and land, but only very limited information about
the physical hazards acting on food systems.

PHYSICAL HAZARDS Extent to which LCA
addresses the hazard impact

of and on food systems

Metrics in LCA
addressing the hazards

ON food
systems

OF food systems

Depletion of Natural Mineral fossil and Broad Coverage  Very

Resources renewable resource limited
depletion, Damage to
resource availability
Destructive Fishing None None None
Practices
Extreme Temperatures None Not applicable Very

and Weather and limited

Long-term Shifts in

Climate
Flooding None Not applicable None
Land and water use Land use Broad Coverage  Very
change limited
Noise and Light None None (under None
Pollution development)
Soil Erosion and Land use Broad Coverage  Very
Compaction limited
Water scarcity Water use Broad Coverage Very
limited
Wildfires None Not applicable None

‘Broad Coverage’: LCA fulfils all requirements. ‘Partial Coverage’: LCA fulfils at
least one requirement. ‘Very limited’: LCA does not fulfil any of two re-
quirements but includes some relevant information. ‘None’: LCA does not fulfil
any of two requirements. This table was produced using Hauschild et al. (2018),
the ILCD Handbook (European Commission Joint Research Centre, 2010) and
the methodological documentation from ReCiPe (2016) (Huijbregts et al.,
2017a,b).

5.1. Challenges in using LCA to assess hazards for risk assessment

Data Availability, Quality, and Complexity: LCA studies face
significant challenges in data availability, quality, and complexity,
particularly in the global south (Muazu et al., 2021; Tchonkouang et al.,
2024). Collecting accurate, local data is resource-intensive and complex,
resulting in a probable lack of high-quality data needed for LCA, i.e. data
on use of resources and various chemical products in food systems. The
prevalence of informal food sectors in many parts of the world further
complicates data collection despite their vulnerability to environmental
hazards (Termeer et al., 2024).

Insufficient Hazard Coverage in Food Systems: Section 4.2 high-
lights the inadequate coverage of most biological and some chemical
hazards in food systems. Several additions could be introduced, for
example to cover hormones and antibiotics. In addition to standard
ReCiPe 2016 indicators, introduction of specific mid- and end-point
indicators on food production yields, animal health, and plant health
could enhance risk assessment and intervention strategies.

Insufficient Coverage of Hazards acting on Food Systems: LCA is
not designed to directly measure the impact of hazards acting on food
systems.

Acute/Localized Incident Risks: While environmental impacts of
steady-state operations are covered by LCA, acute and localized impacts
like chemical spills, pollution, and episodic biological hazards (e.g., pest
infestations, disease outbreaks) are variable and challenging to model.

Inaccuracy from Global Averages: Global averages used in com-
mercial LCA databases (Ecoinvent, 2024; Sphera, 2024) may fail to ac-
count for spatial and temporal variations, making LCA less effective in
assessing local environmental impacts. While regionalised LCA data-
bases are evolving, coverage is still patchy, particularly for most
developing nations (Mutel et al., 2019; Vadenbo and Notten, 2020).
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Need for Scenario Modelling: Policies and regulatory interventions
can significantly transform food systems (Ruben et al., 2018). Effective
risk assessment must include “What-If” scenarios to evaluate the sus-
tainability and resilience of potential interventions, which are often
underutilised in current LCA studies.

LCA Outputs as Relative Metrics: LCA results provide relative
contributions to impact categories. Translating these indicators into
models that assess the severity and likelihood of hazards is essential for
effective risk assessment.

These challenges and a range of potential solutions are summarised
in Fig. 5.

5.2. Research developments needed for enhancing use of LCA

Further research and development can offer promise in overcoming
the challenges outlined in Fig. 5, as discussed below.

5.2.1. Define additional impact indicators and characterisation models in
LCA

Robust integration of environmental hazards into LCA will require
exploration of the environmental mechanisms of the specific cause-
effect chains of the hazards (pests, diseases, hormones, antibiotics,
etc.). Characterisation models for existing impact categories will need to
be expanded to include additional impact aspects, and for many hazards
the development of new indicators at mid-point level and conversion
factors from mid-to end-point level will be needed.

5.2.2. Choose suitable LCA inventory allocation approaches

We argue that consequential rather than attributional inventory
analyses in LCA are needed to be deployed by practitioners for tackling
environmental hazards. Consequential inventory helps understand the
direct and indirect impacts of policy actions on food supply chains and
the resulting potential systemic changes, supporting long-term strategic
planning. However, it requires modelling various potential system
configurations, adding complexity and requiring specialist expertise,
which is why consequential LCA is currently underutilised despite its
potential. Environmentally Extended Input-Output analysis (EEIO), a
viable and valuable consequential approach, quantifies the cumulative
effects of agricultural production, processing, distribution, and con-
sumption at a sectoral level (Jones et al., 2017; Moutik et al., 2023;
Vidergar et al., 2021). We do note that there are however large varia-
tions in the EEIO approach, many of which are not disclosed and
accurately described leading to a methodological inconsistency
(Crawford et al., 2018b).

5.2.3. Use spatial differentiation as a standard practice in food systems
LCA

It is critical that spatial differentiation is integrated as standard
practice into LCA, in order that it can cope with regionally varying
conditions, which correlate strongly with environmental hazards
ranging from acidification and chemical pollution to waterway use and
land use (Frischknecht et al., 2019; Moutik et al., 2023; Su et al., 2022a).
To enable spatial differentiation, two general modelling approaches are
proposed in the literature: the use of a representative spatial archetype
for a specific region, or the use of a more general model that can
represent any region with spatial resolution (Azevedo et al., 2013;
Hauschild et al., 2018). While the need for spatial differentiation is well
acknowledged in the scientific and practitioners’ communities, and
some models do already exist, the main challenge here is that it requires
high-quality spatially differentiated input data, which has limited the
adoption to date (Nitschelm et al., 2016).

5.2.4. Use of dynamic modelling in LCA for environmental impacts
Modelling and integration of the dynamic temporal variability of

hazards in also needed in order to understand the evolution of envi-

ronmental impacts over time. This requires models that can utilise
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Areas for further scientific research and development
Define Additional Chose Use Spatial Use of Use of Use of Harmonise Integrate
Challenges Impact Suitable LCA |Differentiation| Dynamic Localised Artificial |LCA Practices| additional
9 Indicators and Inventory |as a Standard| Modelling in | Data and Big | Intelligence | and Promote [tools to model
Characterisation | Allocation Practice in LCA for Data Sources | and Machine | Open Data | the impact of
Models in LCA |Approaches |Food Systems Environmenta| for LCA Learning in Platforms hazards on
LCA mpacts LCA food systems
1. Data Availability,
Quality, and Complexity % % % 2 X X X
2. Ihsufficient Hazardr
Coverage in Food X X X X X X X X
Systems
3. Insufficient Coverage 5%
of Hazards acting on X X X X X
Food Systems
4. Acute/Localized
Incident Risks X X X X
5. Inaccuracy from
Global Averages X X X % X %
6. Need for Scenario
; X X X X X X X X
Modelling
7. LCA Outputs as > % % % % % X
Relative Metrics

Fig. 5. Challenges and proposed areas for further research and development towards enhancement of LCA methods to address them to enable a better use
of LCA for a holistic hazard assessment. Challenges and proposed research and development areas are based upon literature review and analysis in this study. “x:
The proposed research area address the challenge; ““: The proposed research does not address the challenge.

temporal data such as dynamic inventory flows, background systems,
temporally differentiated characterisation factors and weighting factors
as well as dynamic uncertainty analysis (Levasseur et al., 2010; Moutik
et al., 2023; Su et al., 2022a). Dynamic LCA is an emerging area of LCA
research and the capability for dynamic modelling is already in principle
built into some existing LCA software packages (Sphera, 2024). There is
however still a need for research and development of more holistic and
comprehensive models that can integrate a wider range of input data
and hazards.

5.2.5. Use of localised data and big data sources for LCA

Spatially differentiated and dynamic LCAs require the collection of
localised data, samples and information specific to each hazard, many of
which will not typically be included in conventional LCA studies,
requiring additional effort. Geographic Information System (GIS) data
from remote sensing approaches such as CEDA (2024), and various high
quality global datasets including the TUCN (2024), the Global Obser-
vation and Biodiversity Information Portal (WWF, 2024b), Nature Map
Earth (2024), Copernicus Marine Service (2024) and the NOAA (2024)
are suitable as sources for obtaining some of these data and integrating
into LCA relatively rapidly. Examples of these data include
high-resolution spatial data on current and projected climate variables;
detailed maps on soil types, quality and current land use patterns to
assess the suitability and impact of agricultural practices on land
degradation and productivity; spatial datasets on water sources, avail-
ability and quality to inform sustainable management of water resources
in production processes; maps on biodiversity hotspots and ecosystem
services to assess the impact of production systems on natural habitats
and to identify priorities for nature conservation. Supplementary Data 4
contains list of further metrics and tools suggested for integration into
LCA. The full integration of GIS data into LCA is an emerging field of
research and offers the potential to significantly expand the capabilities
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of the LCA models and is a recommended area of future research (Li
et al., 2021; Mathenge et al., 2022).

5.2.6. Use of artificial intelligence and machine learning in LCA
Dynamic impact assessment will automatically lead to using big data
and require manual modelling to be supported by artificial intelligence
(AI) and machine learning (ML) - which may for example allow esti-
mation to fill data gaps to occur with more accuracy and speed (Li et al.,
2023; Moutik et al., 2023; Nitschelm et al., 2016; Romeiko et al., 2024;
Su et al., 2022b). The number of studies in this field is increasing in
general, but there is a need to conceptualise the methodologies to
transfer the learning from individual case studies into broad practice.

5.2.7. Harmonise LCA practices and promote open data platforms

All challenges related to the availability and quality of data and the
ability to integrate different LCA studies will benefit significantly from
the promotion and use of open data platforms and databases. This will
enable access to reliable and up-to-date environmental information and
also help to increase the transparency and traceability of data across the
supply chains (Jones et al., 2017; UK EA, 2024).

5.2.8. Additional tools to model the impact of hazards on food systems
LCA is traditionally designed to evaluate impacts of human practices
on the environment, but not the impact of the environment on food
systems. LCA remains useful for calculating contributions of external
environmental factors on existing mid- and end-point indicators, offer-
ing spatially differentiated and dynamic impact assessments at both
micro- and macro-levels (from a farm to the entire sector) (Jones et al.,
2017; Levasseur et al., 2010; Moutik et al., 2023; Su et al., 2022b).
However, indicators such as animal and plant health, and crop yields,
alongside socio-economic metrics, are necessary for assessing these
impacts in full. Modification of LCA to incorporate these impacts
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requires significant changes to mid- and end-point indicators and impact
models, which is complex and time-consuming. Therefore, integrating
existing specialised hazard assessment tools into LCA to support the risk
assessment process is likely to be more efficient, at least in the short
term. Scientific models do exist for specific hazards from the environ-
ment acting on food systems, e.g. GEMS Informatics (2024) for
geographic exploration of crop pest distribution and impacts on pro-
duction, Decision Support System for Agrotechnology Transfer (DSSAT.,
2024) crop simulation models (2024), Agricultural Production Systems
sIMulator (APSIM) (Keating et al., n.d.) for modelling of biophysical
processes in farming systems, Global Livestock Environmental Assess-
ment Model (GLEAM) (FAO, 2024) or Integrated Farm System Model
(IFSM) (Rotz et al., 2011) for assessment of the environmental impacts
of and on livestock production, and Soil & Water Assessment Tool
(SWAT) (TAMU, 2024) for modelling the impact of agriculture on water
basins. These solutions are at present quite highly specialised to specific
use cases or regions, and currently, practitioners usually deploy these
tools independently of LCA, but there are examples of complementary
integration (Alshehri et al., 2023; Tavakol-Davani et al., 2019).

Studies with these other tools are often carried out by different
stakeholders meaning that the scope, system boundaries, and data form
are not aligned with LCA. Thus, while the resulting outputs can be
interpreted within each individual study, integration directly into LCA is
not methodologically easy and may lead to incorrect conclusions and
other issues such as double counting. Integration of other tools requires
several key steps: there is a need to ensure integration happens at the
correct level in the LCA analysis to ensure sensible outputs; the input
data need to be correctly aligned to enable harmonised interpretation of
the results; there is also a need to ensure the correct methodological
alignment of data, calculations and results - the results from other tools
can be inputs to LCA, or vice versa, or both can be run in parallel.
Integrating tools for assessing food system hazards into LCA must also
consider the interconnected nature of environmental hazards. For
instance, climate change affects invasive species (Hellmann et al., 2008),
which influences agricultural practices like pesticide use, impacting
biodiversity, human health, and agriculture. While full integration of all
factors may be some way off, a user-friendly model with a minimal
number of integrated tools seems a realistic objective, particularly if
leveraging emerging Al and ML technologies.

6. Conclusions

LCA is a robust method for analysis of environmental impacts created
by the food system, effectively integrating multiple environmental facets
to provide a thorough understanding of the impacts of products, pro-
cesses, or systems on the environment. Utilising scientific models and
empirical data, LCA offers rigorous evaluations across various sectors,
including agriculture and industry, allowing for quantitative measure-
ments of chemical and physical hazards. However, this study reveals
significant gaps, particularly in addressing biological and some critical
physical hazards, and crucially, in providing information on the impact
of environmental hazards on food system performance.

Although the number of LCA studies is increasing, they often do not
focus directly on hazards and associated risks. The current LCA frame-
work supports only certain aspects of environmental risk assessment and
has notable limitations. Future advancements should enhance impact
categories and indicators, explore integration with other tools, and
develop dynamic models using spatially and temporally differentiated
data. This will improve the consideration of regional environmental
conditions, agricultural practices, and temporal variability of hazards.
Future research is recommended to accelerate the adoption of integrated
LCA/GIS solutions, to identify a minimum essential set of tools for
integration, conceptualise integration methodologies, and develop the
practical frameworks for integration. Harmonizing methods and data,
promoting open data platforms, and ensuring data quality are essential
for advancing LCA’s capabilities. LCA results are relative metrics and do
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not indicate actual risks. Therefore, translating LCA outputs into
threshold-based models with established environmental limits and
evaluating hazard impacts in relation to their occurrence is an important
next step for risk assessment.

In conclusion, while LCA offers valuable insights, it is not yet a
comprehensive tool for hazard assessment. Developing an integrated
platform of tools is necessary to provide a complete picture for decision-
making in environmental policies and food system interventions.
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