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Keywords: The impact of a diet can be calculated using a Life Cycle Assessment (LCA) approach. Food loss and waste (FLW)

Food waste contribute significantly to the environmental impact of food products, yet this is not always adequately

]];(;A addressed in dietary impact studies. This paper presents a structured scenario analysis that examines how
iet

commonly used dietary data sources, system boundaries, and FLW assumptions interact and affect the calculated
dietary impacts. Specifically, we examine scenarios formed by combining three methodological dimensions: (i)
the dietary data used to define the diet (food intake, food expenditure, or food availability quantities), (ii) the
system boundaries chosen for the environmental assessment (cradle-to-farm, cradle-to-retail, or cradle-to-
consumer/farm-to-fork), and (iii) the inclusion or exclusion of FLW in the impact assessment, distinguishing
between supply chain and consumer waste. To facilitate the analysis, we broke down the LCA calculations into
simplified analytical formulae and investigated how the different combinations of these three dimensions
(resulting in 21 possible scenarios) affected the LCA calculations. A case study on potato wedges is used as an
illustrative example to demonstrate the practical implications of the different scenarios. We found that only one
scenario could accurately calculate dietary impacts. For twelve scenarios, it is clear that the impacts would be
under- or overestimated. For the remaining eight scenarios, it is less straightforward; we can only conclude that
there is likely to be an under- or overestimation of the impacts without being able to say which. For the case
study, the impacts ranged between an overestimation of 14 % and an underestimation of 88 %. The recom-
mended approach for calculating dietary impacts is to use data representing food intake quantities (thus
excluding any FLW quantities) and apply a farm-to-fork system boundary that considers FLW along the supply
chain and at the consumer. If only food availability or expenditure data is available, the data must be converted
to reflect food intake quantities. This paper highlights the importance of methodological choices related to di-
etary data and environmental assessments, and provides clear guidance to scientists in making transparent and
consistent methodological decisions.

System boundaries
Dietary data sources
Methodology

1. Introduction

Currently, approximately one third of all edible food intended for
human consumption is lost or wasted throughout the food chain (FAO,
2019; UNEP, 2021). In 2020, about 1.05 billion tonnes of food were
wasted globally at retail and by the consumer (including food services).
This amounts to 132 kg pro capita, with the majority being lost at
household level (UNEP, 2024). Furthermore, about 1.25 billion tonnes is
lost in the supply chain before reaching the retail stage. According to
Chen et al. (2020), the nutrients embedded in food wasted by an indi-
vidual in a year could provide a nutritious diet for 18 days. The carbon
and water footprints of global food loss and waste (FLW) are estimated
to be approximately 3.3 billion tonnes of CO; eq. (excluding defores-
tation) and 250 km®, respectively. Furthermore, nearly 30 % of global
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agricultural land (1.4 billion ha) is used to produce food that ultimately
goes uneaten (FAO, 2013). The environmental impact of FLW depends
heavily on the type of product lost or wasted along the chain, with
animal-based products often having a greater environmental impact
than plant-based products. For instance, meat accounts for less than 5 %
of the global volume of FLW, but contributes over 20 % to its carbon
footprint (FAO, 2015, 2013). The impact of FLW is further influenced by
where along the food chain it occurs, as each product receives inputs
from upstream processes. This leads to an accumulation of impacts as we
move down the chain. Consequently, wasting 1 kg of vegetables at the
producer level has a smaller environmental impact than if it were lost at
the consumer level. Approximately 37 % of the carbon footprint of
global FLW is generated at the consumption level, while this life cycle
stage accounts for only 22 % of the total volume of global FLW (FAO,
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2015, 2013).

Target 12.3 of the Sustainable Development Goals (SDGs) calls for
global per capita food waste at retail and consumer level to be halved by
2030, as well as for food losses along production and supply chains
(including post-harvest losses) to be reduced (UNGA, 2015). Reducing
our FLW by 50 % across all food groups and stages of the food chain
would mean that 10 % less food would need to be produced to cover
current EU consumption levels (Sinkko et al., 2019). Reducing FLW
along the supply chain and at the consumer has been proposed as one of
the main solutions to reduce the impact of our diets (Foley et al., 2011;
Poore and Nemecek, 2018; Springmann et al., 2018; Willett et al., 2019;
WRI, 2019). While much is already being done to reduce FLW, much
remains to be done to meet the SDG target of halving FLW by 2030
(Hoogeveen and Verghese, 2023; Lipinski, 2022; UN, 2022).

The environmental impact of food can be quantified using a life cycle
approach. Goossens et al. (2019) calculated the environmental impacts
associated with apples. They found that approximately 25 % of the
climate change impacts of an apple can be attributed to apples that were
lost along the supply chain (and thus never purchased) or to apples
purchased but wasted by the consumer (and thus never consumed).
Consequently, only 75 % of the impacts are attributable to the quantity
actually consumed. Nevertheless, it appears that FLW is not always
adequately addressed in LCA studies on food products, and greater
transparency on this matter is required (Corrado et al., 2017). A shift in
perspective from a single food item to an entire diet reveals that
approximately 17 % of purchases by consumers in Germany ultimately
result in food waste (Eberle and Fels, 2016). For an average US diet, food
waste was found to contribute to approximately 28 % of the overall
carbon footprint of a diet (Heller and Keoleian, 2014). The exclusion of
the impacts of FLW from dietary impact calculations would thus result in
an underestimation of the actual impact of a diet. In order to progress
towards a more sustainable food system, it is essential to consider both
the food that is consumed and the food that is not consumed but wasted
instead. This was also emphasised by Helander et al. (2021) who
examined the interplay between dietary modifications and FLW reduc-
tion strategies. On the one hand, a shift towards a healthier diet with a
higher proportion of plant-based products (Foley et al., 2011; Poore and
Nemecek, 2018; Springmann et al., 2018; Willett et al., 2019; WRI,
2019), could actually increase FLW (Conrad et al., 2018, 2020a, 2020b;
Conrad, 2020; Conrad and Blackstone, 2021; Helander et al., 2021). On
the other hand, many countries are currently consuming increased
proportions of animal products (Drewnowski, 2000; Popkin, 2006)
which, following their higher per unit impacts, could magnify the
problem of FLW if these animal products go to waste (Porter et al.,
2016). Thus, the differentiation in dietary patterns in terms of (impacts
of) what is eaten, is to be complemented with (impacts associated with)
what is not eaten.

The importance of considering consumer and/or supply chain waste
when evaluating the environmental impact of diets is well recognised.
Nevertheless, it remains unclear whether and how FLW is incorporated
into studies examining the environmental impact of diets or dietary
patterns (Goossens and Schmidt, 2025). For the purpose of their review
study, Goossens and Schmidt (2025) analysed 12 existing review studies
on methodological choices for evaluating the environmental impact of
diets. Three out of these 12 review studies address the issue of how to
best consider FLW. To ensure that FLW is duly considered, Heller et al.
(2013), Hallstrom et al. (2015) and Mertens et al. (2017) all suggest
using food availability estimates or adjusted consumption data rather
than actual food intake quantities to calculate the environmental impact
of a diet. Goossens and Schmidt (2025) however argue that this might be
problematic since one could also consider FLW in the impact assessment
itself, and it is not clear how this would affect the results. They therefore
advocate for further investigation into methodological choices related to
considering FLW in dietary impact calculations. To the best of our
knowledge, no studies have yet systematically analysed how such
methodological decisions interact and affect calculated dietary impacts.
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The present paper therefore presents a structured scenario analysis
examining these interactions and their implications for dietary impact
assessment. Through a theoretical scenario analysis and an illustrative
case study, we aim at answering the following research question: Is using
food availability data to define a diet (as suggested in literature) indeed
the best approach to ensure FLW is accurately being accounted for? The
paper concludes by presenting key messages and recommendations for
best practice in the assessment of a diet's environmental performance,
highlighting the importance of these methodological decisions and
providing guidance to scientists on their appropriate application.

2. Background

As Goossens and Schmidt (2025) have highlighted, calculating the
environmental performance of an entire diet requires a multidisciplinary
approach that brings together environmental sciences and LCA, and
public health and nutrition. Researchers conducting dietary impact as-
sessments may therefore possess varying levels of expertise across these
domains. To establish a common understanding for all readers, this
background section provides a concise overview of a simplified food
chain, the dietary data used to define a diet, as well as the main prin-
ciples for calculating food impacts using the LCA approach.

2.1. Food loss and waste along the food chain

In this paper, we use the umbrella term FLW to refer to all food
produced for human consumption that does not reach the consumer
mouth, and we distinguish FLW by life-cycle stage (on-farm losses,
supply chain FLW, and consumer FLW) rather than strictly following the
policy distinction between “food loss” (pre-retail) and “food waste”
(retail and consumption). Section (a) of Fig. 1 provides a simplified
representation of a food chain, encompassing the farm stage [F], the
supply chain [S], which includes storage, processing and retail, and the
consumer stage [C], which includes purchase, preparation and con-
sumption of the food. The life cycle stages (LCS) end either at the farm,
retail or consumer gate, with the consumer gate referring to the moment
the food is eaten. The system boundary in this study ends at the point of
food consumption (the consumer gate); post-consumption processes
such as human metabolism and wastewater treatment are outside the
scope of the analysis. Throughout each stage of the food chain, food is
lost and wasted. Losses occurring at the farm stage (i.e. on-farm losses)
do not reach the farm gate and thus do not enter the post-harvest chain.
FLW generated along the supply chain refers to harvested food that
traverses part of the supply chain but does not reach the retail gate. This
supply chain FLW can be generated during storage, processing, distri-
bution, or any other sub-process of the supply chain. Consumer FLW
refers to all food purchased by consumers that traverses part of the
consumer stage but never reaches the consumer mouth (the consumer
gate). This includes food that spoils during home storage, is wasted
during preparation, or ends up as leftovers on plates. Both supply chain
and consumer FLW are disposed of through incineration, composting, or
anaerobic digestion, for example. On-farm losses, on the other hand, are
often left on the field and thus do not require disposal. For analytical
purposes, FLW is aggregated into three distinct flows, corresponding to
the LCS at which the food leaves the system: on-farm losses (before the
farm gate), supply-chain FLW (between the farm and retail gates), and
consumer FLW (between the retail and consumer gates). Although FLW
may occur at any point along a food's life cycle, it is measured and
accounted for at three points in the present analysis as shown in Fig. 1a.

Section (b) of Fig. 1 enables us to examine the quantities of food
traversing the food chain in more detail. Qg refers to harvested food
leaving the farm gate and thus excludes the on-farm losses. Since food is
lost and wasted along the chain, the quantity of food Qf harvested and
leaving the farm gate is greater than the quantity Qg leaving the supply
chain at the retail gate and purchased by consumers. This quantity, in
turn, is greater than the quantity Q¢ that is prepared and consumed by
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Farm gate Retail gate Consumer gate
a) \
FARM STAGE [F] SUPPLY CHAIN [S] CONSUMER STAGE [C] \
b) Supply chain impacts:
storage, processing, Consumer purchase &
Farm impacts [I¢] retail [lg] preparation impacts [I¢]
P Impacts (resources & emissions)
Food that is produced Food that is stored, Food that is
and harvested, processed purchased, prepared Dietary data — food quantities
leaves farm gate and distributed, & eaten
Q. & is made available to leaves retail gate food intake quantities [Qc]
— . Food that is eaten
Qe the economy & is purchased by Consumer
- consumer waste food expenditure quantities [Qg]
Qs | Food that is purchased with the idea
Qe Supply chain of preparingitlateron
o waste food availability quantities [Q;]
Q¢ —_— Harvested products, made available
On-farm | low lew to the economy
= Qr =Qc + Qe + Qgyy
ol Qe = Food quantities wasted at consumer
(¥
= Qg = Food quantities wasted along supply chain
c
) At farm gate = Ig*Qfp
Atretail gate = Iz+*Qr + Is# Qg+ sy * Qo
Atconsumergate = [p#*Qp + Is# Qs+ Iy * Qo + Ie* Qe+ I * Qo

Fig. 1. Illustration of the food chain and subsequent impact calculations: a) A simplified food chain encompassing a farm stage, supply chain and consumer
stage; b) Food quantities traversing the food chain (with pre-harvest losses shown outside the mass balance), related dietary data quantities and impacts generated in

each life cycle stage; c¢) Formulae for calculating food chain impacts.

the consumer and thus reaches the consumer gate, or the consumer's
mouth. The difference in food quantities can be referred to as Qsw
(supply chain waste) and Qcw (consumer waste). Therefore, Qr = Q¢ +
Qcw + Qsw and Qs = Q¢ + Qcw- Thus, in order to consume a quantity of
food Qc, a larger quantity of food Qr must be harvested and traverse the
food chain to account for FLW. If there were zero food waste (Qsw =
Qcw = 0), the quantities of food would remain constant throughout the
food chain. However, this does not reflect reality (FAO, 2019; UNEP,
2021).

2.2. Dietary data employed to define a diet

Several dietary data sources can be used to formulate a diet. As
Goossens and Schmidt (2025) state, the most prevalent data sources
used in literature are food intake, food expenditure, and food avail-
ability data. Food intake data, such as that derived from nutrition sur-
veys or food diaries, refers to the quantity of food actually consumed by
the individual. It excludes any food quantities that have been discarded
as consumer or supply chain waste. Therefore, this represents the
quantity of food Q¢ at the consumer gate in Fig. 1b. Food expenditure
data refers to the quantity of food purchased by the consumer. Conse-
quently, it represents the quantity of food Qg that leaves the retail gate,

including the quantity of food classified as consumer waste. Food
availability data represents the quantity of food Qr made available to the
economy at the farm gate (i.e. harvested food leaving the farm). This
includes food that will subsequently become supply chain and consumer
waste.

The review by Goossens and Schmidt (2025) shows that some
scholars adjust dietary data to include or exclude supply chain and/or
consumer waste before calculating the dietary impact. Therefore, the
quantities of food actually used to define the diet may differ from those
represented by the dietary data sources. Following these adjustments,
the three most commonly used dietary quantities in literature are: food
intake quantities (Qc¢); food intake quantities complemented with con-
sumer waste and thus equal to expenditure quantities (Qg); and food
intake quantities supplemented with both supply chain and consumer
waste which are equal to food availability quantities at the farm gate
(Qp). Because only 2 % of the 301 papers reviewed by Goossens and
Schmidt (2025) define diets using food intake quantities complemented
with supply chain FLW (but not consumer FLW), this combination is not
considered further in the present paper.



Y. Goossens and T.G. Schmidt
2.3. Main principles for calculating the impact of a food product

Building on the dietary quantities defined in Section 2.2 and illus-
trated in Fig. 1b, this section describes how environmental impacts are
calculated using the LCA equations shown in Fig. 1c under different
system boundaries. Throughout the food chain, the production, supply
and preparation of food requires resources and generates emissions.
Fig. 1b shows the per unit impacts associated with the inputs and out-
puts for each LCS: If, Is and I¢ for the farm stage, supply chain and
consumer stage, respectively. Each food item we consume, carries with
it the accumulated impacts of the entire food chain. To calculate these
impacts, we consider each LCS by multiplying the relevant quantity of
food in that LCS by the associated per unit impacts. All LCS impacts
across all LCS are then summed. Note that, for simplicity, transport
within and between LCS is not depicted in Fig. 1b, even though its
impact would also need to be accounted for.

In the event of food waste, the food that becomes FLW traverses only
a part of the food chain. Therefore, impacts are generated only along the
part of the LCS, up until where the food becomes FLW. Since FLW needs
to be disposed of, additional disposal impacts are generated along the
supply chain or at the consumer stage. The per unit impacts associated
with food waste generated along the supply chain or by consumers
(indicated by Isw and Icy) thus consist of the impacts accumulated along
part of the chain up to the point at which the food becomes waste, as
well as the disposal impacts at that LCS.

The LCS that need to be considered, and thus the impacts and FLW
streams that are included, depend on the chosen system boundary for
the assessment. The three main system boundaries identified in the
literature are: cradle-to-farm, cradle-to-retail and cradle-to-consumer
(or farm-to-fork) (Goossens and Schmidt, 2025). The cradle-to-farm
approach focuses exclusively on the field (or livestock) stage, with im-
pacts calculated up to the farm gate for a quantity of food Qg leaving the
farm gate. For the environmental assessment of the farm stage, all
agricultural inputs and emissions resulting in the output of both har-
vested produce and unharvested crops or other on-farm losses are
accounted for. On-farm losses are hereby typically not modelled as
separate waste flows; instead, they are implicitly considered by attrib-
uting the impacts of discarded or unharvested crops to the net yield
(Corrado et al., 2017). Furthermore, for simplicity, additional disposal
impacts are often considered negligible and therefore excluded (Corrado
et al., 2017). The cradle-to-retail approach complements farm stage
impacts with impacts generated throughout the post-harvest stages of
the food supply chain, including storage, processing, packaging, distri-
bution and retail. Consequently, impacts are calculated for a food
quantity Qg at the retail stage. Also included are impacts related to
supply chain waste and their disposal. In the cradle-to-consumer or
farm-to-fork approach, impacts are calculated up to the point of final
intake of the food, for a quantity Q¢ leaving the consumer gate (i.e. being
consumed). This involves adding the impacts related to consumer
transport, storage, preparation and food waste to those considered in the
cradle-to-retail approach.

Since supply chain waste occurs during the post-harvest supply
chain, this FLW stream can only be considered in assessments that
actually incorporate this LCS, such as the cradle-to-retail or the cradle-
to-consumer approach. Similarly, consumer waste can only be consid-
ered if the consumer LCS is included, which is the case for a farm-to-fork
approach. In contrast, a cradle-to-farm assessment, does not allow sup-
ply chain or consumer FLW to be assessed. On-farm losses are typically
accounted for in an implicit way, as discussed above.

In line with the main principles of an LCA outlined above, Fig. 1c
presents the formulae used to calculate the environmental impacts of a
single food product under each of the three system boundaries consid-
ered in this study. Further details are provided in Section 4.1.
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3. Methods for the scenario-analysis
3.1. Scenarios under study

In order to investigate the interplay between dietary data, system
boundaries and FLW, we will focus on the three variables introduced in
the previous background section: (i) the dietary data quantities used to
define the diet (Section 2.2), (ii) the system boundaries of the environ-
mental assessment (Section 2.3), and (iii) the inclusion or exclusion of
supply chain and consumer FLW within the assessment (Sections 2.1 and
2.3). Table 1 lists the values studied for each of these three variables. In
theory, 21 scenarios could be investigated, combining all possible values
of the three variables. For practical reasons, however, this paper only
discusses four of these scenarios in detail (see Table 2); the analysis for
the remaining scenarios can be found in the supplementary materials.
However, a final assessment of all scenarios is presented in the paper.

3.2. Theoretical analysis based on LCA formulae

To facilitate the scenario analysis, we first break down the food LCA
calculations into simplified analytical formulae and demonstrate how
they can be applied to assess an entire diet. These formulae follow the
logic explained in the background section: for each LCS, we multiply the
relevant quantity of food in that LCS by the associated per unit impacts;
afterwards, all impacts across the different LCS are summed. We then
examine the three system boundaries considered for the environmental
assessment, identify the LCS included under each system boundary, and
assess the implications for the impact calculations. From there, we
identify the most appropriate system boundary for evaluating a diet's
environmental performance and establish this as the reference scenario.

Subsequently, we examine the quantities of food traversing the food
chain for which impacts are being calculated. These quantities are
determined by the dietary data used to define the diet (Section 2.2), the
system boundary (Section 2.3), and the inclusion or exclusion of FLW.
We therefore adapt the formulae from the first step to reflect these
combinations of methodological choices and compare the resulting
impacts with those of the reference scenario. This reformulation of the
LCA formulae enables a consistent assessment of each individual
scenario.

3.3. Case study: potato wedges

To illustrate the calculations for the various scenarios, we apply the
formulae to a case study and calculate the associated carbon footprint
(expressed in grams of CO, equivalent). For this case study, we chose
fried potato wedges as this product generates distinct impacts across
each of the three main LCS depicted in Fig. 1: farm stage impacts for
producing the potatoes, post-harvest impacts for cutting and freezing the
potatoes, and finally consumer impacts for freezing and deep-frying the
wedges. Furthermore, it can easily be assumed that FLW occurs along
the chain, both at the supply chain (retail losses) and at consumer level

Table 1
The variables and their respective values used in the scenario analysis.

Variable Values under study

Dietary data quantities used to formulate adiet - Food intake quantities
- Food expenditure quantities
- Food availability quantities
- Up to farm gate: cradle-to-farm
- Up to point of sale: cradle-to-
retail
- Up to consumer mouth: cradle-
to-consumer (farm-to-fork)
Inclusion of FLW into the environmental - In-/or exclusion of supply chain
assessment (depending on system boundary) waste
- In-/or exclusion of consumer
waste

System boundaries for the environmental
assessment




Y. Goossens and T.G. Schmidt

Table 2
Characteristics of the four scenarios under study in the main manuscript.

Scenario  System boundaries for ~ Dietary data Inclusion of FLW into
the environmental quantities used to the environmental
assessment formulate the diet assessment

1 Farm-to-fork Food intake Inclusion of supply

quantities chain and consumer
waste

2 Farm-to-fork Food availability Inclusion of supply

quantities chain and consumer
waste

3 Farm-to-fork Food availability Exclusion of both

quantities supply chain and
consumer waste

4 Cradle-to-farm gate Food availability Not applicable”

quantities

@ Supply chain and/or consumer waste can only be considered if the respective
life cycle stages in which these waste streams are generated are included in the
assessment, which is not the case for a cradle-to-farm approach.

(plate waste). The case study is used for illustrative purposes only and
does not aim to represent the entire range of food products consumed
within a diet.

We assume a consumer (or household) buys one bag (600 g) of frozen
potato wedges with skin and fries them at home. After accounting for 10
% plate leftovers, the consumer eats 540 g (=Qc¢) of the 600 g (=Qs)
purchased. Following 5 % retail losses, 632 g (=Qp) of potatoes had to
leave the farm gate and enter the post-harvest chain.

For the calculations, we use a dataset from Agribalyse 3.1
(ADEME-INRAE, 2022) on frozen French fries which were intended for
deep frying by consumers. For simplicity, we neglect the raw-to-cook
ratio which Agribalyse sets at 0.7. If this ratio were applied, only 420
g of potato wedges would be left after frying (=0.7 * 600 g), of which the
consumer would eat 378 g while wasting 42 g. To focus the scenario
analysis on avoidable consumer losses (e.g. plate leftovers), rather than
unavoidable raw-to-cook losses, this ratio is not considered here.
Additional adaptations to the dataset were performed (see Supplemen-
tary materials). Impact calculations were performed using SimaPro 9.5
and Excel.

4. Results and discussion
4.1. Breaking down a food LCA into formulae

In line with Fig. 1 and the background section, the formulae pre-
sented in Table 3(a) demonstrate how the impacts associated with a
single food product are calculated for each of the three system bound-
aries under study. Since diets generally consist of various food items,
these formulae are applied to each food product included in the diet,
after which the impacts are aggregated to obtain the total dietary
impact.

4.2. Relevance of system boundaries

As can be seen from Table 3(a), a focus solely on the farm stage (i.e. a
cradle-to-farm approach) would likely result in lower impacts than a
cradle-to-retail or farm-to-fork approach. The impact calculations for
each of the three system boundaries would only yield the same results if
all impact factors except Ir equalled zero (meaning there would be no
impacts generated in the post-harvest supply chain, at the consumer
stage or for food waste disposal). This could, for example, be true for
food bought directly from a farm, that does not pass through the supply
chain, for which no consumer transport, storage or preparation impacts
are generated, and which is eaten in its entirety, without any food waste
occurring. In all other cases, impacts calculated using the cradle-to-farm
approach would underestimate the actual impacts of the food item
under study. While certain foods consumed as part of a diet may qualify
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Table 3
Formulae for calculating the food chain impacts of a single food product under
each of the three system boundaries considered in this study.

System Formula for the impact calculation for a single food product

boundary

(a) Original formulae, based on LCA principles

Cradle-to-farm = farm stage impacts

=Ir*Qr

= farm stage impacts + supply chain impacts

=Ir*Qr + Is*Qs + Isw*Qsw

= farm stage impacts + supply chain impacts + consumer impacts

=Ir*Qr + Is*Qs + Isw*Qsw + Ic*Qc + Iew*Qew

(b) Formulae rewritten as a function of the food quantity that leaves the respective
gate

Cradle-to-farm

Cradle-to-retail

Cradle-to-retail

Farm-to-fork

=Ir*Qp

=Ir*(Qs + Qsw) + Is*Qs + Isw*Qsw

=(Ir +1Is) * Qs+ (Ir + Isw)*Qsw

=Ir*(Qc + Qew + Qsw) + Is*(Qc + Qew) + Isw*Qsw + Ic*Qc +
Iew*Qew

=(Ir +Is +Ic) * Qc+ (Ir + Is + Iew)*Qew + (Ir + Isw)*Qsw

Farm-to-fork

Legend: Qg, Qs and Q¢ denote the quantities of food leaving the farm stage (at
the farm gate), the supply chain (at the retail gate) and the consumer stage (at
the consumer gate), respectively; Qsw and Qcw denote the quantities of food that
become supply chain or consumer waste; Iy, Is and I¢ represent the per unit
impact (following resource use and emissions) associated with food reaching the
end of a life cycle stage with impacts generated in the farm stage (F), the supply
chain (S) and the consumer stage (C), respectively; and Isw and Icw represent the
per unit impact associated with food becoming food waste along the supply
chain or at the consumer stage. These impacts include both those generated
along the LCS up to the point at which the food becomes waste and those
associated with subsequent waste disposal.

as such an exception, it is highly unlikely that all foods consumed as part
of a diet would be purchased at a farm shop as raw commodities for
which no post-harvest or preparation processes took place. Therefore,
omitting the post-harvest supply chain stage and/or the consumer stage
from a dietary assessment would result in an underestimation of the
diet's environmental impact.

In literature, impacts arising during the post-harvest supply chain
and the consumer stage are often omitted from assessments (Goossens
and Schmidt, 2025), as it is believed that the resulting underestimation
of impacts is negligible. However, the review by Goossens and Schmidt
(2025) showed through a quick check of the Agribalyse 3.1. environ-
mental database (ADEME-INRAE, 2022) that these post-harvest impacts
are not always negligible. This was particularly true for plant-based
products. Furthermore, Subedi et al. (2024) concluded that the pro-
duction stage is definitely a critical carbon footprint hotspot for fruits,
but not the only one. Furthermore, Pernollet et al. (2017) found that
omitting the consumer stage led to a 30 % underestimation of the
climate change impact of the French diet. Excluding both the
post-harvest supply chain and the consumer stage resulted in an un-
derestimation of 70 %. Therefore, within the context of this study, the
farm-to-fork approach is identified as the most appropriate system
boundary for calculating dietary environmental impacts, and the cor-
responding formulae in Table 3 serve as the reference for the subsequent
scenario analysis.

4.3. Relevance of food quantities and consideration of FLW

The next step is to examine the food quantities for which impacts are
being calculated and their respective impact factors. From a purely
analytical perspective, any changes to the impact factors and/or food
quantities within the reference formula would result in the impact of the
food item under study being either over- or underestimated. This
problem of over- or underestimation is magnified at the dietary level, as
the same methodological choices are applied to all food items consumed.
This highlights the importance of using food quantities and impact
factors that are consistent with the chosen system boundary when
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calculating dietary impacts, as illustrated by the subsequent scenario
analysis.

The chosen system boundary determines the gate at which impacts
are calculated (farm gate, retail gate or consumer gate) and the corre-
sponding food quantity for which impacts are calculated (respectively
Qr, Qs and Q¢). Each formula in Table 3a can be rewritten as a function
of this particular food quantity, resulting in the expressions presented in
Table 3b. The food quantity for which impacts are calculated under each
system boundary is indicated in bold in Table 3b. For both the cradle-to-
retail and farm-to-fork approaches, the formula contains one or two
additional terms that are functions of the food quantities Q. and Qsw,
representing food that is wasted along the chain and never reaches the
gate defining the system boundary. The rewritten formulae facilitate the
analysis of the effect of using different dietary data quantities to define a
diet. When impacts are calculated for a food quantity other than the one
in bold, that quantity is substituted accordingly. If one or both food
waste streams are excluded from the environmental assessment, the
respective food quantity (Q.w and/or Qgsw) is set to zero. To facilitate
comparison with the reference formula, expressed as a function of Qc,
Qcw and Qgw, the resulting formulae for each scenario are expressed as a
function of these food quantities. The impact factors associated with
each food quantity are then compared with those in the reference
scenario.

Scenarios 1 to 3 are based on a farm-to-fork approach and therefore
correspond to the last formulae in Table 3a or b. Scenario 4, which is
based on a cradle-to-farm approach, should follow the first formula.

Scenario 1 is based on a diet defined by food intake quantities
(represented by Qc¢) and takes into account both supply chain and
consumer food waste (= Qcw and Qsw). This means that the formula in
Table 3 remains unchanged, ensuring that impacts are calculated
correctly. Therefore, scenario 1 is equivalent to the reference scenario.

In Scenario 2, which is also based on the farm-to-fork approach,
food availability quantities are used to define the diet, represented by Qg
(with Qr = Q¢ + Qcw + Qsw)- This scenario considers both supply chain
and consumer food waste (Qcw and Qsw). The bold value Q. in Table 3b
is therefore replaced with Qg, while the food waste quantities Qcw and
Qsw are retained. Next, we rewrite the formula as a function of the food
quantities Qc, Qcw and Qsw, as shown in Table 4. While the impact
factors for Q¢ remain unchanged, those associated with the two food
waste streams increase relative to the reference scenario. As a result, this
scenario leads to an overestimation of a diet's environmental impact.

Scenario 3 can be seen as an attempt to avoid overestimation by
excluding consumer and supply chain waste from the assessment. This is
based on the argument that the dietary data quantities used (food
availability quantities Qg) already include these quantities of waste. To
achieve this, we need to adapt the farm-to-fork formula in Table 3(b) by
setting the food waste streams Qcw and Qsw to zero while again
replacing the bold value with Qp, as was done in Scenario 2. The
resulting formula in Table 4 shows that the resulting impact factors for

Table 4
Formulae for the impact calculations of the four scenarios under study. The
characteristics of each scenario can be found in Table 2.

Scenario Formula for the impact calculation for each scenario under study
Scenario = +Is +Ic) * Q¢+ (Ir + Is + Iew)*Qew + (Ir + Isw)*Qsw
1
Scenario =Ir +Is +Ic) * Qp+ (Ir + Is + Icw)*Qew + (Ir + Isw)*Qsw
2 =(Ir +Is + Ic) * (Qc + Qew + Qsw) + (Ir + Is + Iow)*Qcw + (Ir +
Isw)*Qsw
=(Ir+1Is +1Ic) * Q.+ (2*Ir + 2*Is + Icw + Ic)*Qew + (2¥Ir + Isw +
Is +Ic)*Qsw
Scenario =Ir+1Is +1Ic) *Qp+ (Ir + Is + Icw)*0+ (Ir + Isw)*0
3 =(r+1Is +1Ic) * (Qc + Qew + Qsw)
=Ir+1Is +Ic) *Qc+ (Ir + Is +Ic) * Qew+ (Ir + Is + Ic) * Qsw
Scenario =Ir*Qp
4 =Ir* (Qc + Qew + Qsw)

=Ir* Qc + Ir* Qew + Ir* Qsw
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the two food waste streams are not necessarily equal to those in the
reference scenario, which can result in either an under- or over-
estimation of the impacts. The formula would only yield correct re-
sults if both I = Icy as well as Is + I = Isy for all foods consumed in
the diet. Alternatively, correct results could arise if the overestimations
for certain foods exactly offset underestimations for others. In practice,
however, some degree of under- or overestimation is very likely, with
the direction depending on the specific values of the impact factors.
When using food availability quantities (Qp) as dietary data, a farm-to-
fork assessment may not be the most appropriate approach.

In Scenario 4, we examine whether combining food availability
quantities (Qg) with a cradle-to-farm approach yields more consistent
results. For this, we use the formula from Table 3 for the cradle-to-farm
approach. The resulting expression (Table 4) contains impact factors
that are uniformly lower than those in the reference scenario, which
leads to an underestimation of the calculated dietary impact.

4.4. Application to the case study of fried potato wedges with skin

In line with the formulae from Table 3, the cradle-to-farm impact of
consuming one bag of potato wedges whilst wasting 10 % as plate
leftovers was found to be 58.09 g CO; eq., whereas the cradle-to-retail
impact was 394.35 g CO5 eq., and the farm-to-fork impact 486.22 g
CO3 eq. This means that the cradle-to-farm approach results in impacts
that are 88 % lower than the reference (farm-to-fork) approach, which
leads to a considerable underestimation of impacts. For the cradle-to-
retail approach, the underestimation is 20 %. This example clearly
demonstrates the importance of considering all stages of the product's
life cycle, particularly when the product is kept frozen throughout the
supply chain and at the consumer stage before being deep-fried.

Impacts can then be calculated for the four scenarios listed in
Table 4. Scenario 1 (equalling the reference scenario) results in 486.22 g
CO; eq., Scenario 2 in 555.36 g CO- eq., Scenario 3 in 476.81 g CO5 eq.,
and Scenario 4 in 58.09 g CO; eq. As expected, Scenario 2 resulted in an
overestimation of the impacts (+14 % as compared to the reference
Scenario 1), and Scenario 4 in an underestimation (—88 %). For Scenario
3, both an over- or an underestimation of the impacts would theoreti-
cally be possible. In the case of the potato wedges, a small underesti-
mation (—2 %) was found.

4.5. Overview of all possible scenarios

Similarly, the other scenarios (i.e. combinations of the variables in
Table 1) can be investigated. A summary of the 21 scenarios is provided
in Table 5. The first scenario, which combines food intake amounts with
a farm-to-fork approach that considers FLW, is considered a correct
calculation of the impact of a diet, as it follows the LCA formulae from
Table 3 and considers all life cycle stages. As such, it serves as the
reference scenario and is indicated as “REF”. The formulae representing
the other scenarios were rewritten as a function of the food quantities
Qc, Qcw and Qsw to facilitate comparison with the reference scenario
(see the Supplementary information for a detailed overview of these
formulae). Table 5 shows the evaluation of the impact factors associated
with each of these three food quantities, together with an overall anal-
ysis indicating whether an over- or underestimation of the dietary im-
pacts is to be expected based on these impact factors. In some cases, the
direction of the bias cannot be determined unambiguously, as it depends
on the specific values of the impact factors.

As can be seen from Table 5 (Column “Resulting impact”), only the
reference scenario results in the correct calculation of dietary impacts.
Any other combination of dietary data quantity, system boundary, and
FLW inclusion would likely lead to under- or overestimation of dietary
impacts. For ten of the remaining 20 scenarios, it is evident that the
impacts would be underestimated, while in two scenarios, they would be
overestimated. For the remaining eight scenarios, it is less straightfor-
ward and we can only conclude that there is likely to be an under- or
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Table 5
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Overview of all scenarios. The impact factors and resulting impacts for each scenario were evaluated based on the formulae shown in the Supplementary Materials. The
last two columns show the carbon footprint (g CO, eq.) associated with eating 540 g of potato wedges, as well as the percentage difference of each scenario compared to

the reference scenario.

Environmental assessment Dietary data quantity used Impact factors Resulting Carbon footprint Difference with
to define the diet associated with impact (g COzeq.) reference scenario
each food quantity
in the formula
System boundary Inclusion of FLW Qc Qcw Qsw
Cradle-to-consumer Inclusion of both supply chain Food intake quantities ** * * * v 486.22 REF
(farm-to-fork) and consumer FLW Food expenditure quantities % A * VAN 531.52 9%
Food availability quantities * A A A 555.36 14 %
@
Inclusion of supply chain FLW, Food intake quantities * v * \V4 429.54 -12%
exclusion of consumer FLW Food expenditure quantities * ] * AV 474.83 2%
Food availability quantities * n A AV 498.67 3%
Exclusion of supply chain FLW, Food intake quantities * * v \Y4 464.35 -4 %
inclusion of consumer FLW Food expenditure quantities % A v VAN 509.65 5%
Food availability quantities * A n AV 533.49 10 %
Without any FLW Food intake quantities * v v v 407.67 -16 %
Food expenditure quantities % » v VAN 452.97 -7 %
Food availability quantities * n n AV 476.81 —2%
3)
Cradle-to-retail Inclusion of supply chain FLW Food intake quantities v v * \V4 357.10 —27 %
Food expenditure quantities v v * \V4 394.35 -19%
Food availability quantities v v A AV 413.95 -15%
Without any FLW Food intake quantities v v v \V4 335.23 -31%
Food expenditure quantities v v v \Y4 372.48 —23 %
Food availability quantities v v ] AV 392.08 -19%
Cradle-to-farm FLW cannot be included Food intake quantities v v v v 49.66 —90 %
Food expenditure quantities v v v v 55.18 —89 %
Food availability quantities v v v \V4 58.09 —88 %

#(4)

Scenarios marked with an asterisk (*) are standard practice for an LCA with the chosen system boundaries, while those marked with a number in brackets refer to the
four scenarios studied in the main manuscript. Legend for the symbols used: Impact factors associated with the FQs (as compared to the REF. situation): % Impact
factors are correct; A Impact factors too high; v Impact factors too low (or equal to zero); m Impact factors are different; not possible to say beforehand if the net impact
factor would be too high or too low. Resulting impacts: v Impacts calculated correctly; \/ Underestimation of impacts; /\ Overestimation of impacts; A\ Over-/

underestimation of impacts; net effect unclear.

overestimation of the impacts without being able to say which it would
be. In the rare event that the underestimation from the low impact
factors equals the overestimation from the high impact factors, the final
calculated dietary impacts would be correct. However, such situation is
highly unlikely. It would be even more unlikely for this event to occur
for multiple food items and/or for multiple impact categories. Therefore,
it would be unwise to recommend this approach for an entire diet, in the
hope that underestimation in one part of the formula would be offset by
overestimation in another.

To illustrate the effect of each scenario, the last two columns of
Table 5 show the calculated carbon footprint of eating 540 g of potato
wedges in each scenario, and how these values differ from the reference
scenario. Results range from an overestimation of up to 14 %, based on
food availability quantities combined with a farm-to-fork approach
considering both FLW streams, to an underestimation of 88 %, based on
food intake quantities combined with a cradle-to-farm approach
considering neither FLW stream. The magnitude of the over- or under-
estimation hereby depends on the waste percentages assumed at con-
sumer level and along the supply chain. How these affect the result for
this specific case study, can be found in the sensitivity analysis in the
supplementary analysis (Table S4, Table S5).

It should further be noted that the differences with the reference
scenario (as shown in the last column of Table 5) depend heavily on the
food product and impact category chosen and thus do not necessarily
reflect the extent of over- or underestimation that can be expected when
calculating the impact of an entire diet. The two last columns of Table 5
should therefore not be interpreted as valid for, or applicable to, all food
products but merely illustrate the expected over-/underestimations for
the case study of frozen potato wedges under the assumption of 10 %
consumer FLW and 5 % retail FLW. What is applicable across food

products, however, is the information provided in the “Resulting
impact” column, which indicates whether an over- or underestimation is
to be expected. The magnitude of this over- or underestimation then
depends on the product under consideration.

Even though there is only scenario that accurately calculates the
impacts, there may still be some uncertainty surrounding the calculated
dietary impact. This uncertainty stems from the data that is used to
calculate the impacts, namely the food quantities Q; and the impact
factors I. Any uncertainty in the underlying life cycle inventory or life
cycle impact assessment will thus contribute to the uncertainty of the
final result.

4.6. Implications for food systems research

With food systems sitting at the nexus of health, environment,
climate, and justice (Rockstrom et al., 2025), the composition of our diet
is key to moving towards a more sustainable food system. The last few
years have seen an increase in the number of papers looking into the
environmental impact of diets (Goossens and Schmidt, 2025). At the
same time, literature emphasises the contribution of FLW to the envi-
ronmental impacts of our food system (FAO, 2015, 2013). As such, it is
particularly important to properly and consistently account for FLW
when assessing the environmental impact of a diet.

The analysis above allows us to answer our research question on
whether a diet defined by food availability data is indeed the best
approach to ensure FLW is accurately being accounted for. At first sight,
it seems logical that using food availability data is a good approach,
since this data already includes the FLW quantities we want to consider
in our assessment. However, our detailed analysis shows that this
approach leads to an overestimation of dietary impacts when applying a
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farm-to-fork approach that considers FLW, or to an under- or over-
estimation when other combinations of system boundaries and FLW
inclusion are used. Our findings therefore challenge the generally
accepted approach for considering FLW. Instead, the analysis shows that
only the scenario in which food intake quantities are used, in combi-
nation with a farm-to-fork assessment that considers both supply chain
and consumer FLW, results in an accurate calculation of dietary impacts.

5. Conclusions and recommendations

Including FLW in the calculation of dietary environmental perfor-
mance significantly affects the results. The exact method of including
FLW depends on the chosen system boundary and the dietary data
quantities used to describe the diet. The interplay between the dietary
data quantities used to build the diet, the chosen system boundary, and
whether or not FLW is considered in the assessment determines both
which food quantities impacts are calculated for and how impacts are
assigned to these food quantities.

In theory, there are different approaches to consider FLW when
calculating the environmental performance of a diet: it can be included
in the dietary data used to define the diet, and/or in the impact
assessment itself. In dietary data, food intake quantities refer to the food
actually eaten by consumers and thus exclude both consumer and supply
chain waste. Food expenditure quantities refer to the quantity of food
purchased by the consumer. As such, they include food that will later
end up as consumer waste. Food availability quantities represent the
quantity of food made available to the economy and thus include food
that will later end up as consumer and supply chain waste. Whether FLW
can be included in the impact assessment itself depends on the chosen
system boundaries: consumer and supply chain waste can only be
considered if the life cycle stages where the FLW stream occurs are
included in the assessment. Furthermore, the system boundaries deter-
mine where along the chain the impacts are calculated. In a cradle-to-
farm gate study, for example, impacts are calculated for a certain
quantity of food at the farm gate. In a cradle-to-retail or cradle-to-
consumer study, impacts are calculated for a certain quantity of food
at the retail or consumer gate, respectively. Whether or not FLW is
included in the assessment determines which food quantities are
assumed to traverse the food chain and how impacts are assigned to
these quantities. This was investigated by breaking down a food
assessment into formulae and applying them to each scenario.

Excluding one or more post-harvest stages will always result in an
underestimation of the actual dietary impact. Therefore, a farm-to-fork
approach is considered crucial. If FLW is considered as part of the di-
etary data (as suggested in the literature), and in the environmental
assessment, the calculations assume that an unrealistically high quantity
of food enters the food chain. This results in impact factors that are too
high, leading to an overestimation of impacts. Excluding FLW from
environmental calculations would prevent this overestimation. How-
ever, this would not be a correct calculation and an under- or over-
estimation of the impact would be likely. The only way to accurately
calculate the environmental impact of a diet is therefore to use food
intake quantities that exclude supply chain and consumer waste, and to
apply a farm-to-fork approach that considers both supply chain and
consumer waste. A case study illustrates the over- or underestimation of
impacts to be expected for frozen potato wedges. The magnitude of the
over-/underestimation is highly dependent on the food product under
consideration.

In practice, researchers often only have access to one set of dietary
data. If the data base is limited to food availability or expenditure data,
we recommend converting these quantities into intake quantities using
food waste data. Litearature data on food waste can be used for this
purpose, such as data from the Food and Agriculture Organisation of the
United Nations or the United Nations Environment Programme
(Gustavsson et al., 2011; FAO, 2019; UNEP, 2021), as well as national
statistics on FLW. For consumer FLW, specific data may also be found in
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grey literature, as is the case for German households (GfK, 2021).

The present paper explores how methodological decisions relating to
dietary data quantities, the environmental assessment's system bound-
aries, and the inclusion of FLW affect the calculation of the impact of a
diet. Greater transparency regarding how FLW is considered in dietary
impact calculations would enable a more accurate interpretation of
study findings, including whether an under- or overestimation of im-
pacts is to be expected. Adopting a more harmonised approach to
assessing the environmental performance of diets, based on the recom-
mendations made in this paper, would overcome this hurdle and enable
more comparable study findings.

Furthermore, adopting such a harmonised approach would allow for
more robust and reliable calculations of dietary environmental impact.
This is particularly important when modelling or monitoring the envi-
ronmental effects of dietary changes in our transition towards a more
sustainable food system. Modelling or monitoring based on inappro-
priate methodological choices, can lead to systematic under- or over-
estimation of impacts, which may negatively affect policy making.
Policies based on an overestimated environmental impact of our diet can
lead to overly strict regulations, economic inefficiency, and public
resistance, as resources may be diverted from more effective areas.
Conversely, underestimating impacts can result in weak or ineffective
policies, missed climate goals, and continued environmental degrada-
tion. In both cases, policy credibility suffers. Accurate, transparent and
evidence-based assessments are therefore essential to design fair,
effective, and adaptive food and environmental policies.
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