N

N

Implementation of resource supply risk characterisation
factors in the life cycle assessment of food products:
Application to contrasting bread supply chains

Lazare Deteix, Thibault Salou, Eléonore Loiseau

» To cite this version:

Lazare Deteix, Thibault Salou, Eléonore Loiseau. Implementation of resource supply risk character-
isation factors in the life cycle assessment of food products: Application to contrasting bread supply
chains. International Journal of Life Cycle Assessment, 2024, 10.1007/s11367-023-02276-5. hal-
04423516

HAL Id: hal-04423516
https://hal.inrae.fr /hal-04423516

Submitted on 29 Jan 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.inrae.fr/hal-04423516
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

N

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Implementation of resource supply risk characterisation factors in the Life
Cycle Assessment of food products: application to contrasting bread supply

chains

Authors: Lazare Deteix2?™, Thibault Salou®, and Eléonore Loiseau®?

& ITAP, Univ Montpellier, INRAE, Institut Agro, Montpellier, France
b Elsa, Research Group for Environmental Lifecycle & Sustainability Assessment, Montpellier, France

“corresponding author: lazare.deteix@inrae.fr, 2 place Pierre Viala, 34000 Montpellier, France

Abstract

Purpose

In addition to generate environmental impacts, food systems are vulnerable to shortages of the resources on
which they rely (e.g. critical minerals, water, land). To eco-design these systems, their environmental footprint
and vulnerability to resources must be assessed simultaneously. Resource supply risk methods have been applied
to Life Cycle Assessments (LCA) of high-tech products to provide information on resource accessibility. The

aim of this paper is to discuss the applicability of these methods to the LCA of food products.

Methods

Supply risk characterisation factors (CF) are derived from the two acknowledged resource criticality
methods of i) the Joint Research Centre and ii) the Yale University. These methods characterise mineral, land
and water resources, which are essential for agricultural products. CFs are matched with Life Cycle Inventory
(LCI) data, and a comparative LCA on both environmental impacts and resource supply risk is performed on
three contrasting bread supply chains. These supply chains differ by agricultural practices, flour milling and

bread baking processes, as well as transport distances between intermediaries.

Results and discussion
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The results of the case study show that trade-offs can occur between environmental impact and resource
supply risk. Indeed, the supply chain with the greatest environmental impacts is also the one with the lowest
mineral and water supply risk potential. Analysis of the results indicates that fertilisers contribute the most to the
mineral supply risk of agricultural products, that land supply risk potential is due to agricultural production and
forestry for energy and packaging, and that the water supply risk potential is mainly related to electricity
production for baking. The comparison between the Yale and JRC methods highlights differences in modelling

choices, mainly due to their different coverage and scope.

Conclusion

This case study highlights the value of considering resource supply risks as a complement to conventional
LCA of food products, as it makes it possible to identify potential trade-offs between environmental impacts and
vulnerability to resource supply shortage. The development of additional case studies, using other supply risk
methods and including processed resources such as agricultural products would enable further research on food

systems criticality.

Keywords

resource criticality, environmental performance, trade-offs, impact assessment, vulnerability, agri-food

systems
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1) Introduction

The increasing world population and rising standards of living are leading to a growing demand for food
worldwide. Projections estimate that, compared with 2010, food demand will have increased by between 35%
and 56% (in kcal consumed) by 2050. (van Dijk et al. 2021). These socio-economic trends place increasing
pressure on natural resources on which food systems depend to feed humanity (Westhoek et al. 2016), such as
minerals, energy, land or water (Chowdhury et al. 2017; Ringler, Bhaduri, and Lawford 2013).

Certain mineral resources, such as phosphate, which forms the basis of mineral fertilisation for agriculture,
are set to become increasingly scarce (Cordell and Neset 2014). Estimates of the lifespan of phosphate rock
reserves range from 60 to 400 years (Cordell and White 2011). In the same time, agriculture accounts for 38% of
available land use (FAOSTAT 2020) and more than 70% of water withdrawals (FAO 2020). Land and water
resources are subject to competition and tension (Nonhebel 2005; Petersen-Perlman et al. 2017).
Consequently, the dependence of food systems on these key resources make them vulnerable to resource supply
disruptions.

Food systems also generate multiple environmental impacts. They are responsible for 26% of global
greenhouse gas emissions (Poore and Nemecek 2018), 64 % of intentional nitrogen fixation and 80 % of
phosphorus leakage flows (Springmann et al. 2018; Steffen et al. 2015) and they are the primary cause for loss in
biodiversity (Benton et al. 2021).

In response to these challenges, emerging strategies aim to design food supply chains that generate less
environmental impact and are less dependent on resources (Petit-boix et al. 2022). These include the adoption of
new farming practices (e.g. organic farming, no-tillage,...) (Gomiero, Pimentel, and Paoletti 2011), relocation of
food industries (Watts, Lbery, and Maye 2005), and the development of short food supply chains (Renting,
Marsden, and Banks 2003). In order to assess the environmental sustainability of these new strategies,
quantitative tools are required to identify potential trade-offs between the environmental impacts and the
resource vulnerability of food supply chains.

Life cycle assessment (LCA) is a reference method for quantifying the environmental impacts of products or
services, and has been successfully applied to agri-food supply chains (Notarnicola et al., 2017; Roy et al.,
2009). However, to date, Life Cycle Impact Assessment (LCIA) methods lack CFs assessing the accessibility,
dependence or vulnerability of resources (Van Der Werf et al., 2014).

LCA describes the impacts of human activities on three Areas of Protection (AoP), i.e. Ecosystem Quality,

Human Health and Resources. The most widely used models for the resources AoP quantify the impact of
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resource consumption on the availability of resources for future generations (Dewulf et al. 2015; Huijbregts et al.
2016). However, other perspectives are now being proposed that assess new resource issues (e.g. resource
functionality or resource access), such as resource criticality (Dewulf et al. 2015; Sonderegger et al. 2017, 2020).

Criticality methods evaluate the economic and technical dependency on a certain materials, as well as the
probability of supply disruptions, for a defined stakeholder group within a certain time frame (Schrijvers et al.
2020). Criticality assessment methods first propose to quantify a supply risk index, which represents the
possibility of supply disruption for a given material, according to its geological, technological, economic, social
or geopolitical availability. The methods also entail a second dimension related to the impact of supply
restriction, by analysing the substitution and importance in use of the studied material (importance can be
economic, strategic, etc.) (Schrijvers et al. 2020). Criticality was initially intended for non-energetic mineral
resources to help secure the supply of key resources for specific industries (Graedel et al. 2015), for instance low
carbon energy technologies that depend on rare-earth elements.

Implementing the concept of resource criticality in LCA enables the potential risk of resource supply
disruption to be assessed (Sonnemann et al. 2015), and therefore take into account the short-term accessibility of
resources. This approach is different from the evaluation of resources currently carried out in LCA, i.e. the
evaluation of the dissipation or depletion of resources for future generations (Sonnemann et al. 2015). It provides
LCA with a criticality midpoint indicator, which quantifies a different category of impact than traditional
resource midpoint indicators (Sonderegger et al. 2020). The criticality assessment of a product or service within
the LCA framework thus complements conventional environmental impact assessments (André and Ljunggren
2021; Berger et al. 2020; Cimprich et al. 2019; Mancini et al. 2015; Sonderegger et al. 2020). From an
operational point of view, criticality is implemented in LCA by deriving characterisation factors from resource
supply risk indexes (Bach et al. 2016; Santillan-Saldivar et al. 2022).

Proposals to implement the concept of criticality within LCA have so far focused on high-tech products such
as batteries (Pelzeter et al. 2022; Terlouw et al. 2019), medical equipment (Cimprich, Young, et al. 2017) or
electronic devices (Mancini, Benini, and Sala 2018). Yet, to date, there are no criticality assessments for food
products. In addition, LCA criticality studies have focused on the criticality of mineral (i.e. aluminium, cobalt,
etc.) and fossil (i.e. natural gas, coal etc.) resources only. However, food products depend on other abiotic
resources, such as water and land, whose criticality has also been characterised (Deteix et al. 2023; Sonderegger,
Pfister, and Hellweg 2015) but not tested in case studies. Furthermore, of the studies that incorporate criticality

into LCA, only the studies of Cimprich et al., (2017a), Henf3ler et al., (2016) and Penaherrera et al. (2022)
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present both environmental impacts and criticality results. These works highlight the complementarity of the two
approaches, and the possible trade-offs between environmental impacts and supply risks.

The aim of this work is to apply criticality methods to the food sector, by integrating supply risk metrics into
the LCA of food products.

To this end, two criticality methods are used to derive supply risk CFs. These CFs are then applied to an
illustrative LCA case study, the LCA of three contrasting bread supply chains. These supply chains were
specifically modelled for this work to be used as a proof of concept, and are a combination of existing processes
related to bread supply chains found in the Agribalyse database (Koch and Salou 2020a), and the work of Kulak
et al. (2015), who performed the LCA of different food networks for bread.

Section 2 first describes the choice for the two criticality methods among existing methods, and presents the
methodology for deriving CFs from the supply risk indexes. These indexes were provided by methods applied to
a wide range of resources and countries. Secondly, it describes the relationship between CFs and Life Cycle
Inventory (LCI) flows. Thirdly, LCA is carried out on three contrasting bread supply chains according to the four
standardised LCA phases (1SO 2006b, 2006a). Section 3 presents the results from this LCA study including the
indicator of supply risks for three main categories of resources (i.e. mineral, water and land).The fourth and final
section assesses the applicability and current limitations in using supply risk methods to complement food

product LCA.

2) Materials and Methods

2.1 Choice of the criticality methods

Although many criticality methods exist, there is no prevailing scientific consensus concerning the method
to be used (Schrijvers et al. 2020). For the characterisation of Supply Risk (SR) in LCA, Sonderegger et al.,
(2020) and Berger et al., (2020) recommended the GeoPolRisk (Cimprich, Young, et al. 2017; Gemechu et al.
2015; Santillan-Saldivar et al. 2022) and ESSENZ (Bach et al. 2016; Pelzeter et al. 2022) methods. In addition to
GeoPolRisk, Hackenhaar et al., (2022) also found the European Union (EU) Joint Research Centre (JRC)
method (Blengini et al. 2017) to be compatible with LCA, owing to its scientific robustness (data quality,
uncertainty, peer-reviewing), transparency (traceability of modelling and documentation, reproducibility),
applicability (technical feasibility, data availability,...) and high level of acceptance (by policy-makers, industry,

academia).
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To date, the GeoPolRisk method has been applied to 8 LCA case studies, the ESSENZ method to 6 and the
JRC method to 5. All these case studies involved high-tech products such as battery (Pelzeter et al. 2022;
Santillan-Saldivar et al. 2021; Terlouw et al. 2019) vehicle (Berger et al. 2020; Cimprich et al. 2019; Gemechu et
al. 2015; HenBler et al. 2016; Liutkehaus et al. 2022) or electronic devices (Koch et al., 2019; Mancini et al.,
2018; Yavor et al., 2021) except for the study of Bach et al., (2018) that was based on shelves. The 3 papers that
compared criticality methods in LCA case studies highlighted the variability in results due to the methodology of
supply risk modelling (Berger et al. 2020; Cimprich et al. 2019; Terlouw et al. 2019). The studies of HenRBler et
al., (2016), Mancini et al., (2018) and Cimprich, Karim et al., (2017) also highlighted the complementarity
between criticality assessment and LCA. In particular, HenBler et al., (2016) highlighted the occurrence of
potential trade-offs between environmental performance and resource criticality, as well as the importance of the
life cycle perspective for assessing product criticality. However, Cimprich et al., (2017) and Helbig et al., (2016)
also pointed out the challenges in matching Supply Risk CF with LCI environmental flows due to the differences
in goal and scope of criticality assessments and LCA.

Other criticality methods have also been implemented in LCA case studies (Hackenhaar et al. 2022;
Schrijvers et al. 2020), in particular the Yale University method (Graedel et al. 2012), which was used by
Terlouw et al. (2019) on the LCA of two batteries.

In the four criticality methods mentioned above, SR indexes are quantified on the basis of a set of
parameters, which can vary between methods. Some parameters are common across all four methods (i.e.,
concentration of production, or political stability of supplier countries), but each method includes its own distinct
parameters (e.g. trade restrictions for the JRC method, depletion time for Yale, price elasticity for GeoPolRisk,
demand growth for ESSENZ). ESSENZ is the only method not to provide a single aggregate SR index, but a set
of parameters influencing the SR of resources. Finally, GeoPolRisk is spatialised at country level, the JRC at
European level, and Yale and ESSENZ are not spatialised.

In addition to providing supply risk indexes for mineral resources, the Yale methodological framework has
been adapted to take the criticality of water resources into account (Sonderegger et al. 2015). Similarly, Deteix et
al., (2023) proposed to adapt both the Yale and the JRC methods to derive a SR index for land resources.

Water and land being key resources for food systems, the JRC and Yale methods have been selected for this
case study to derive SR CFs. They also provide SR indexes for a wide range of mineral resources (i.e. 82 for the

JRC and 86 for the Yale method, compared to 31 for GeoPolRisk or 60 for ESSENZ). To ensure an in-depth



164  comparison between the two criticality methods for the three types of resources, water SR indexes have been

165  computed for this study following the JRC method.

166 The detailed methodology of the water SR developments and the data sources are available in the

167 Supplementary Material 1 (Appendix A) of this article.

168 Table B.2 (from Supplementary Material 1 Appendix B) summarises the main parameters included in the

169  three resource SR indexes within the Yale and JRC criticality frameworks.

170

171 2.2 Deriving Supply Risk Characterisation Factors (CFs)

172 For the LCIA, the aim is to compute CFs based on the resource SR indexes from the criticality methods.

173 CFs were obtained for mineral, land and water resources, both for the Yale and JRC criticality methods.

174 However, the two methods can differ in terms of material or spatial coverage (see

175

176 Table 1).

177

178 Table 1 : Summary of the 6 Characterisation Factor sets; SI : Supplementary Information; NC : Not Characterised

Mineral Land Water
Yale JRC Yale JRC Yale JRC
Method Graedel et al., Blengini et al., Deteix et al., Sonderegger et This publication
Deteix et al., (2023)
publication (2012) (2017) (2023) al., (2015) (see SI)
European
Spatial coverage Global European Union Global Global Global
Union

Spatial
resolution World as a European Union as Countries Countries Countries Countries
(number of units whole awhole (76) (24) (159) (90)
covered)
Number of
resources 86 82 1 1 1 1
covered




Strategy to fill
NC NC World average World average World average World average
data gaps
https://doi.org/ European https://doi.org/10.
SR index S| of Sonderegger
10.5281/zenod Commission, https://doi.org/10.57745/RALP5G 57745/U8TLHN
availability et al., (2015)
0.2561882 (2020Db) (method in SI)

179

180 For mineral resources, the available Yale SR indexes are non-spatialized, meaning the criticality of a

181 mineral is only assessed from the worldwide perspective, unlike those from the JRC, that assess SR from the

182 European Union perspective. The SR indexes were used directly as CFs for both methods. In cases where a

183 mineral was not included in a method, it was not characterised in the impact assessment.

184 Concerning water resources, in the Yale framework, the SR indexes from Sonderegger et al., (2015) are

185  spatialized at country level and were also used directly as CFs. However, for large-scale countries such as the

186  United States, China or Brazil, the SR indexes are available at county levels. For these large countries, the

187 national water SR CFs were obtained by computing the average of their county SR indexes. Within the JRC

188 framework, water SR indexes were computed at the country level and used directly as CFs.

189 For land resources in both frameworks, land SR indexes were computed at the country level (Deteix et al.

190 2023) and used directly as CFs.

191 For land and water resources, when a country was not characterised by a CF, the average of the SRs

192  weighted by the surface areas of the countries was used, equivalent to a global average CF.

193

194 2.3 Matching SR CFs with LCI

195 The LCIA resource supply risk characterisation model was developed according to the approaches proposed

196 by Santillan-Saldivar et al., (2021, 2022) and Terlouw et al., (2019). The importance of resource use was

197 quantified by the physical amount of resource recorded in LCls of products or services (i.e., mass, area*time,

198 volume, see

199 Table 2).

200 As described in Eq. (1), the SR CF was multiplied by the resource flows (obtained from the LCI). The

201 resulting Supply Risk Potential (SRP) indicators (Santillan-Saldivar et al. 2022) are equivalent to classical LCIA

202 midpoint indicators, but providing information on resource accessibility.

203
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resource SRP = Z F; * SR;
i

@

With:
e F;: flow of resource i (dimension: see
e Table2)

e SR;: Supply Risk CF of resource i (dimensionless)

Table 2 : Natural resource flow (Fi) definitions and units according to the type of resource considered. FU: Functional

Unit.
Mineral Land Water
Fi definition Water withdrawn in country
Mass flow of mineral i Land occupied in country i
i
Fi unit kg.FU1 m2.year.FU! mé.FU?

Resource flows include the resource that is occupied (land) or extracted from the environment (mineral,
water) and correspond to the inputs from the ecosphere into the technosphere. Resource outputs to the ecosphere
are not taken into account in the calculation of SRs, unlike impact assessment procedures for certain resources
such as water. In conventional LCIA, the water flow accounted for is the amount of water consumed in a given
location, i.e. water withdrawn minus water released (Bayart et al. 2010; Pfister, Koehler, and Hellweg 2009).
Therefore, the impact of certain processes such as electricity production (electricity dam, nuclear power plant) is
low due to low water consumption. Supply Risk assessment focuses on access to a resource, and not on the
impact induced by its consumption. If water is not accessible, for instance due to a drought, dams and nuclear
power plants would be affected, no matter how little water they consume. This explains why the water flow
accounted for in this model only concerns withdrawn water (see

Table 2). In this case study, all withdrawn water flows were considered, without applying cut-off.
With this model, the potential supply risk increases if a system consumes more of the same resources, but
also if it consumes additional resources. Conversely, the first way to reduce vulnerability to resources is to

reduce the use of resources, by reducing quantities consumed, as highlighted by Cimprich et al., (2019).

2.3 Application to three contrasting bread supply chains

2.3.1 Goal and scope
The goal of the study is to compare the environmental impact and resource supply risk potential of three

contrasting bread supply chains (BSC). Among food products, bread represents a staple food that is widely
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consumed worldwide and provides a number of essential nutrients (Dewettinck et al. 2008; Weegels 2019). Its
supply should therefore be guaranteed while its environmental impact is reduced.

In addition, many different BSCs can coexist within a country. They differ according to agricultural
production techniques (crop rotation, fertilisation, crop protection), milling and baking technologies or
distribution channels (Kulak et al. 2015).

In this case study, the BSCs contrast according to four different aspects, i.e. i) agricultural production
modes, ii) baking technologies, iii) total transport distances from field to point of sale and iv) number of
intermediaries (see Fig. 1).

Bread from BSC A is produced with organic wheat grown in France without any irrigation. Wheat milling is
performed on the farm, using an electric mill. The bread is baked in a wood furnace on the same site, and is
transported to the point of sale by a small truck (30 km).

Bread from BSC B is made with protein-improved wheat from Spain grown with fertilisers, pesticides and
irrigation. The wheat is transported to France to the milling site by lorry. The wheat flour is transported in paper
bags (made from Portuguese eucalyptus wood plantations) to the industrial baking plant. The bread is then
further transported by a small truck to the point of sale (total distance 750 km).

BSC C bread is a combination of the two previous BSCs. The wheat is identical to that of BSC A, and the
processing and transport processes are those of BSC B.

The functional unit chosen is 1 kg of bread ready for consumption, delivered to the point of sale in a French
city. Fig. 1 describes the three BSCs modelled in this study. Production tools (farm machinery, mill, furnaces) as

well as infrastructure (farm buildings, factory buildings, storage sheds, etc.) are included in the inventory.

10
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Fig. 1: System boundaries of the three bread supply chains. FR : France, ES : Spain, PT : Portugal

2.3.2 Life Cycle Inventory (LCI)

The three BSCs involve four stages, i.e. crop production, milling, baking, and final distribution. Data for the

main parameters of the three scenarios are listed in Table 3 (e.g., transport distances, amounts of water and

electricity consumed, etc.). The process inventory data (e.g. wheat growing stages, oven baking process, milling

process etc.) and (field emissions) come from the Agribalyse (v 3.0) database (Koch and Salou 2020b). The

background data (electricity mix, trucks, etc.) come from the Ecoinvent (v 3.9) databases. For BSC A, the

quantities of energy and wheat for the milling process, as well as the bread recipe and baking energy, are taken

from the work of Kulak et al. (2015).

Table D.1 D.2 and D.3 (see Supplementary Material 2) provide the detailed LCIs for the three BSCs.

Table 3 : Main parameters of the three bread supply chains. FR: France

Bread supply chain A

Bread supply chain B

Bread supply chain C

Wheat country

France Spain France
production
Irrigation volume 0 m¥ha 1200 m%/ha 0 m3/ha
Fertilizers Organic Minerals Organic
Pesticides No Yes No
Yield 4,00 tonnes/ha 5,96 tonnes/ha 4,00 tonnes/ha

11
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Milling energy source Electricity (FR) Electricity (FR) Electricity (FR)
Wheat conditioning None Kraft paper Kraft paper
Baking energy source Wood Electricity (FR) Electricity (FR)
Total transport

distance (field to point 30 km 750 km 750 km

of sale)

Transport type Small truck Lorry Lorry
Point of sale Small grocery Supermarket Supermarket

2.3.3 Life Cycle Impact Assessment (LCIA)

The environmental impacts of the three BSCs are compared at the endpoint level, as the synthesis of
information at this level is straightforward and relevant for decision making (Van Hoof et al. 2013). The
environmental impact assessment was carried out with the ReCiPe method, which provides endpoint impact
result levels (Huijbregts et al. 2016). In addition, the Recipe method also provides midpoints results that allow
for more in-depth analysis.

In addition to the environmental impact assessment, the potential supply risks of mineral, land and water
resources are assessed with the Supply Risk characterisation model defined in section 2.1, providing three
resource SRP indicators. The SRPs are compared to the ReCiPe midpoint impact results that characterise the
same resource. In this case, the ReCiPe midpoint impacts are used, because the land resource is not considered
for damage on the Resource AoP.

The LCA calculations are performed with the LCA software: Simapro. Supplementary Material 3 provides
the elementary flows from Simapro that are included in the assessment as well as their corresponding Supply

Risk CFs.

3) Results

This section first presents the results from the conventional LCA for environmental damage and secondly,
the resource supply risk assessment, with a focus on each type of resource, i.e., mineral, land and water

resources.

12
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3.1 Environmental Impact
As shown in Fig. 2, BSC A presents a higher impact on both Ecosystem quality and Human health AoPs
than BSC B and BSC C. Regarding Ecosystem Quality, the impact of BSC B is slightly less than that of BSC C,

but for Human Health, the impact of BSC B is twice that of BSC C.

Ecosystem Quality
(=]

>

Human health
[=:]

0% 20% 40% 60% 80% 100%

M Crop production M Milling MBaking M Transports

Fig. 2: Environmental Impact at the endpoint level of the production and delivery to point of sale of 1kg of bread in
three contrasted supply chains

For Ecosystem Quality, the result for BSC A is explained primarily by the impact of land use on
biodiversity, due to wheat production and the consumption of wood for baking. For the crop production phase,
BSC A and C have a lower wheat yield than BSC B (Table 3). Thus, per kg of bread, BSC A&C require more
land than BSC B, resulting in a greater impact on biodiversity due to land use (see Appendix C, Fig C6).

For BSC B, the impacts are mainly due to land use during the crop production phase, but also, to a lesser
extent, to water consumption for irrigation, as well as field emissions due to the application of nitrogen fertilizer,
which result in fine particulate matter (NHs) and global warming (N20) (see Appendix C, Fig. C6). The milling,
baking and transport phases are identical between BSC B and BSC C and contribute little to the impacts (see
Fig. 2). However, the impact of BSC C is mainly due to land use, as for BSC A, because the agricultural
processes in BSCs A and C are identical.

For Human Health, the major contributor for BSC A is the wood burning process associated with the baking
phase, which is responsible for fine particulate matter and human toxicity. In addition, the agricultural
production phase contributes to global warming (see Appendix C, Fig. C6) through N.O emissions and tractor
fuel consumption. For BSC B, the impacts occur mainly during the crop production phase and are due to NH3

and NOx emissions and their effect on fine particulate matter, N>O and CO, emissions and their effect on global
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warming, and finally water consumption for irrigation in Spain (see Appendix C , Fig. C6). Damage on human
health due to the milling, baking and transport phases are mainly incurred by global warming impact related to
energy consumption. The impact of BSC C on Human Health is equally spread across the 4 phases of the supply
chain. For the agricultural phase, the same impact pathways apply as for BSC A, while for the milling, baking

and transport phases, the same impact pathways apply as for BSC B.

3.2 Resource supply risk and comparison with selected ReCiPe midpoint impacts

3.2.1 Mineral Supply Risk Potential (SRP)
Fig. 3 shows the results of the mineral SRP using the Yale and JRC criticality methods, in comparison with

the ReCiPe midpoint impact category “mineral resource scarcity”.

a-Yale b -JRC ¢ - Recipe midpoint impact

Mineral SRP
=]
Mineral SRP
w
Mineral Resource Scarcity
=]

20/ 0 60 80 100% 0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

M ron Manganese Bauxite BN Potash

Barium Phosphate ore M Nickel Uranium Others

Fig. 3: Mineral Supply Risk Potential (SRP) (a & b) and mineral resource midpoints impacts (c) of the production and
delivery to point of sale of 1kg of bread in three contrasting supply chains.

The Yale and JRC methods provide contrasted results. Whereas with the Yale method, the mineral SRP of
BSC A is 30% higher than BSC B and BSC C (see Fig. 3-a), using the JRC method, the mineral SRP of BSC B
is 90% higher than BSC A and BSC C (see Fig. 3-b). These differences can be explained by the fact that the two
methods do not cover the same range of minerals. For example, phosphate is not included in the Yale method.

With the Yale method, iron, which is needed for infrastructure, is the main contributor to the impact for all
types of supply chain (see Fig. 3-a). For BSC A, the infrastructures that contribute most to the impact through
their iron consumption are the bread furnace (baking phase), agricultural machinery and transport for final
delivery (see Appendix C, Fig. C2). For BSC B and BSC C, the infrastructures that contribute most are transport
during the milling and baking phases and for final delivery, as well as industrial production tools (mill and

furnace) (see Appendix C, Fig. C2).

14



332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

With the JRC method, the main contributors to mineral SRP for BSC A and BSC C are iron and bauxite,
which are used for furnaces, agricultural machinery and transport in both supply chains (see Appendix C, Fig.
C3). For BSC B, phosphate ore shows, by far, the highest contribution to the mineral SRP (see Fig. 3-b), as
phosphate is used as fertilizer for wheat production. BSC A and BSC C have no phosphate contribution to
mineral SRP as phosphate used for crop production is not of mineral origin. Instead, it is found in organic
manure, which is considered as supply risk free in this model.

The ReCiPe method also provides different results (see Fig. 3-c). For BSC A, the biggest contributors to the
mineral resource scarcity impact were iron and nickel, both for furnace and agricultural machinery. For BSC B,
the greatest contributors are potash for wheat fertilizing, and uranium, for nuclear electricity during the baking
phase. For BSC C, the main contributor is uranium, for the production of electricity during the baking phase, like
BSC B. The second largest contributor is iron for agricultural machinery, like BSC A. While uranium is not
included in the Yale and JRC methods, the SR of potash is characterised by the JRC method. The difference
between both results lies in the fact that they do not focus on the same mechanisms. The midpoint impact
“Mineral Resource Scarcity” from ReCiPe is based on the Surplus Ore Potential method (Huijbregts et al. 2016),
a future effort method, which characterises the consequences of mineral resource use for future generations
(Berger et al. 2020; Sonderegger et al. 2020), while criticality methods characterise vulnerability to potential

resource access restrictions.

3.2.2 Land Supply Risk Potential

Regarding land SRP, both methods converge and show that BSC A has the highest land SRP, BSC B has the
lowest impact, and the impact of BSC C lies between the two (Fig. 4-a and Fig. 4-b). These results are similar to
the biodiversity impact due to land use with the ReCiPe method (Fig. 4-c) and can be explained by two factors.
Firstly, by the yield effect during the crop production phase and, secondly, by the fact that BSC A uses forest
land to produce wood for baking, whereas BSCs B and C only use wood to make paper bags for transporting

wheat flour.

15



358

359
360

361
362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

a-Yale b-JRC ¢ — Recipe midpoint impact

Land SRP
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Fig. 4: Land Supply Risk Potential (SRP) (a & b) and land use midpoints impacts (c) of the production and delivery to
point of sale of 1kg of bread in three contrasting supply chains.

With the JRC method, BSC B&C present a much larger forest contribution to land SRP than with the Yale
method. Indeed, the JRC method considers the land SR in Portugal (producer of wood for paper) to be high,
whereas the land SRP for Portugal in the Yale method is significantly lower.

For both methods, BSC A land SRP is mainly due to forest occupation (see Fig. 4-a and Fig. 4-b), whereas
in ReCiPe, the land use impact on biodiversity is equally attributed between agricultural land and forest
occupation (Fig. 4-c), because these two impact categories do not focus on the same mechanisms. Indeed, land
use impact on biodiversity involves changes in species composition (Huijbregts et al. 2016), whereas the land
SRP focusses on the vulnerability to potential land access restriction. In addition, land SRP is unchanged,
regardless of the type of land use (only surface areas matter) (Deteix et al. 2023), while the impacts on

biodiversity differ according to the type of land use (Koellner and Scholz 2007).

3.2.3 Water Supply Risk Potential

In terms of water SRP, the two methods converge on the same conclusions, both BSC B and BSC C have a
similar water SRP, which is higher than that of BSC A (see Fig. 5-a and Fig. 5-b), mainly due to higher
electricity consumption in France. This results from the high volumes of water withdrawn for hydroelectricity
production in the French electrical mix, and not for nuclear electricity production.

In this section, unlike the analyses of the contribution of land and mineral resources, the contribution
analysis is carried out by considering the contributions of technosphere processes (e.g. electricity, France) and
not elementary flows (e.g. water, France). This analysis provides information on the processes vulnerable to

water supply restrictions.
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Fig. 5: Water Supply Risk Potential (SRP) (a, b) and water scarcity midpoints impacts (c) of the production and delivery
to point of sale of 1kg of bread in three contrasting supply chains.

For both methods, BSC A presents a water SRP that is essentially due to electricity consumption and
furnace production (see Fig. 5-a and Fig. 5-b). The phase in which the most electricity is consumed is the baking
phase (see Appendix C, Fig. C4 and Fig. C5). For BSC B and C the water SRP is primarily due to electricity
consumption (see Fig. 5-a and Fig. 5-b) for baking (see Appendix C, Fig. C4 and Fig. C5), and water
withdrawals for the wheat flour paper bags. For BSC B there is also the contribution of water withdrawals for
irrigation, which is more marked with the Yale method (see Fig. 5-a).

These results are quite different to the water consumption impact from ReCiPe (see Fig. 5-¢), which is
mainly related to irrigation for BSC B, tap water for BSC A and electricity production for BSC C. Indeed, water

SRP accounts for water withdrawal, while the ReCiPe method only considers consumed water (see
Table 2).

4) Discussion

4.1 Key findings from the case study

Resource SRPs were quantified along with the environmental impacts of three contrasting BSCs, using
supply risk indexes from two criticality methods.

The environmental impact assessment of the BSCs reveals that crop production is the most impactful phase.
These results concur with previous works where the agricultural production stage is the stage that contributes
most to the environmental impacts of agri-food products (Castellani, Beylot, and Sala 2019; Poore and Nemecek
2018). The yield effect explains why the impact of organic wheat in BSCs A and C is higher than that of
conventional wheat in BSC B. This result is in line with the literature, which shows that yield is an important
parameter in explaining differences in results between LCAs of organic and conventional products (van der
Werf, Knudsen, and Cederberg 2020). However, these differences vary according to the type of crop and

agricultural practices (Boschiero et al. 2023).
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For the Human Health AoP, it is the crop production and food processing stages (milling and baking phases)
that contribute most to the damage in the three supply chains. In addition, for BSC B and C, which have much
longer transport distances than BSC A, transport makes a substantial contribution to damage. These results are in
line with the literature, which shows that food processing and logistics stages contribute significantly to the
environmental impact of food products, with the exception of meat-based food products (Notarnicola et al.
2017).

Regarding resources SRPs, with the JRC method, BSC A and C have a lower SRP for mineral and water
resources than BSC B, but higher for land. With the Yale method, BSC A has a lower SRP for water resources
than BSC B and C, while mineral and land resource SRPs are higher. Results for agricultural products indicate
that, similarly to technological products (Bach et al. 2018), trade-offs can occur between environmental impacts
and vulnerability to resource supply shortages. Moreover, the application of criticality metrics to agricultural
products provides complementary information to environmental impact assessment. Indeed, environmental and
criticality assessments are found to characterise different impact pathways (André and Ljunggren 2021; Berger
et al. 2020; Cimprich et al. 2019; Sonnemann et al. 2015).

The contribution analysis reveals that for the BSC A and C, the mineral SRP hotspots are the machinery. For
the BSC B, the mineral SRP hotspots are agricultural machinery according to the Yale method, and phosphorous
fertilizer according to the JRC method. With both methods and for all three supply chains, land SRP results from
agricultural and forestry production, whether for food (wheat production), fibre (wood for paper) or energy
production (firewood). Finally, water SRP is primarily related to electricity production.

These results highlight the importance of considering a life cycle perspective for food product criticality
assessments. Firstly, taking into account all life cycle phases allows for vulnerability hot spots to be identified
along the whole supply chain. These hotspots remain generally unnoticed in studies that focus on territory food
self-sufficiency and are limited to the agricultural production phase (Clapp 2017; Fader et al. 2013). Secondly,
the multi-criteria approach (i.e. three resources SRP indexes are taken into account) also allows for
vulnerabilities to be identified due to the different resources required for agricultural products.

These results therefore reveal significant application perspectives, even though certain improvements could

still be made from methodological and operational points of view. These issues are further discussed below.
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4.2 Importance of the criticality method

The contribution analysis of resources and processes highlights the differences between the two studied
criticality methods due to divergent methodological aspects.

Firstly, both methods are not based on the same resource or spatial coverage. For example, for BSC B,
phosphate is not included in the Yale method, whereas it is the largest contributor to the BSC B mineral SRP
using the JRC method. Similarly, bauxite, the second largest contributor to BSC B mineral SRP using the Yale
method, is not covered by the JRC method.

Secondly, both methods do not take into account the same parameters that affect the SR of a resource. For
example for mineral resources, the Yale method considers geological availability as a supply risk parameter,
whereas the JRC only focuses on economic and geopolitical accessibility. This explains the contrasting
contributions of iron to mineral SRP between the two methods for both supply chains. For land and water,
political stability is a parameter considered by the Yale method and not by the JRC. Conversely, the JRC method
comprises a land recycling parameter for land supply risk as well as a non-conventional water resource rate for
water supply risk, while these are not part of the Yale method.

Finally, the two methods do not apply the same equations when aggregating the different parameters into a
final SR index. The parameters affecting the SR in both methods do not share the same weight. This discrepancy
leads, for example, to the higher contribution of the Portuguese forest to the BSC B and land SRP with the JRC
method than with the Yale method (Fig. 3-a and Fig. 3-b). According to the JRC method, the land SR of
Portugal is driven by a relatively high concentration in land ownership and low quality of land administration.
While the effect of these two parameters is amplified with the JRC aggregation method, it is attenuated with the
Yale method (Deteix et al. 2023).

These results therefore highlight the strong influence that the choice of a method may have on the outputs of
a criticality assessment, in line with conclusions of previous studies that have compared several criticality
methods applied to the same products (Cimprich et al. 2019; Terlouw et al. 2019).

Consequently, the choice of a supply risk method should first be based on the purpose of the study and the
scope of the method, particularly in terms of resource coverage (i.e. the types of resource that are included,
depending on the application considered, the spatial distribution available, etc.).

For example, for the food sector, it is crucial that phosphate is included, due to its importance for food systems
(Cordell and Neset 2014). For criticality assessment in this sector, the Yale method should therefore be extended

to phosphate. However, the main constraint to accomplishing this extension lies in calculating the depletion time
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parameter. This parameter requires knowledge of the lifetime of the phosphate when it is used, which is not as
easily quantifiable as for metals.

More generally, to use a criticality method in a case study, it is necessary to ensure that the critical minerals
for the sector under study are well covered (European Commission 2020a). If several methods can be applied, a
sensitivity analysis must be carried out on the results calculated with the different methods.

In the longer term, it would be preferable to have a harmonised criticality assessment method applicable to
all types of products and sectors, like the impact methods used in LCA. To this end, the method should
exhaustively cover the natural resources used for human activities. This method could also cover all the
parameters taken into account in each of the four criticality methods potentially adapted to LCA. However, care
must be taken to avoid double counting by discarding certain redundant parameters, such as the trade barrier
index from ESSENZ and that from the JRC method.

In this case study, the Yale and JRC criticality methods were chosen as they are renowned, operational and
characterise land and water, two key resources for agricultural products. Nevertheless, other methods are
presently recommended for the characterisation of supply risk in LCA such as the GeoPolRisk and ESSENZ
methods (Hackenhaar et al. 2022; Sonderegger et al. 2020). These recent methods are still under development,
and extensions could be made to add new resources such as phosphate, water and land to provide a criticality
assessment tailored to agricultural products. Building on the work of Sonderegger et al., (2015) and Deteix et al.,
(2023), it would be possible to take up the conceptual framework of each method. Therefore, with additional
data collection (for phosphate notably), and a few adaptations (e.g. adapting the Supply Risk parameters to the

land and water resources), it would be possible to extend the range of resources considered.

4.3 Spatial representativeness

The land and water SR indexes are computed at the country level for both the Yale and JRC criticality
methods. However, the Yale water SR from Sonderegger et al., (2015) are also available at finer resolution. For
instance, water SRs for Brazil or Australia are available for different administrative counties. In the present
study, the water SRs for these large countries were obtained by averaging the county SR. This simple approach
does not allow for in depth spatial representativeness, so future versions could apply methods where counties are
weighted by share of country space or population, or other more sophisticated methods such as those described

by Mutel et al., (2012).
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Concerning the issue of missing values, for both methods, the global average value is calculated by
weighting the SRs by the surface area of each country. In this way, more weight is given to the largest countries.
While this approach is relevant for land, other approaches such as the one mentioned above could be used for
water. Furthermore for both methods, the calculation of the world average water SR CF, used for characterising
water flows in countries where the specific CF is not available, does not take into account the same countries
(159 for the Yale method, 90 for the JRC method). Nevertheless, the two SR indexes present similar
distributions, implying that the mean values have the same representativeness.

The mineral SR indexes from Yale are not regionalised, while those from the JRC are regionalised at the
European level. For finer analysis, the criticality methods would need to be spatially differentiated, as suggested
by loannidou et al., (2019). In line with land and water resources, they could be first computed at the country
level, as for the SCARCE method for Germany (Arendt et al. 2020), and with GeoPolRisk for several countries
and groups of regions (Koyamparambath et al. 2022). However, this means LCI would need to be spatialized,
and LCI and CF would have to be matched, which is one of the challenges in LCA spatialization (Patouillard et

al. 2018).

4.4 Aggregating resources

The LCA characterisation model developed in this study is based on the important assumption that each
resource has the same importance for the system, whatever its substitutability, i.e. its ability to be replaced by
another resource fulfilling the same function. Within a single type of resource, i.e. mineral, land or water, the
aggregation between resources is done by summing up the individual SRPs. The impact of supply disruption is
therefore assessed by taking into account only the physical relevance of the resource, and not the resource
substitutability. With this approach, the impact on the system of a resource restriction remains the same whatever
the resource. Further developments on the model could integrate substitutability metrics, as has begun to be done
in the GeoPolRisk method (Santillan-Saldivar et al. 2021). Concerning mineral resources, this latter method
proposes to use the price elasticity of the different minerals as an aggregation factor to reflect the economic
impact of a supply disruption. As the data is currently only available for a small number of minerals, this method
could not be used in the present case study. Concerning land and water, price elasticity data have been studied
(Garrone, Grilli, and Marzano 2019; Tabeau, Helming, and Philippidis 2017), but are restricted to a certain type

of resource use (agricultural land, residential water) and/or to a particular location (a city, a state,...). However,
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as water and land do not share the same functions and governance (Ostrom 1990) as mineral resources, the use
of price elasticity as a proxy for substitutability might not be relevant.

Finally, the present case study focuses on three types of resources, although food systems also require other
inputs such as energy, transport or agricultural commodities. These inputs belong to the technosphere in LCA
and can also undergo supply risk restrictions. To provide a better integrated assessment, future LCA criticality
assessments should strive to characterise these input supply risks by exploring other approaches that focus on

technosphere products, as suggested by Helbig et al., (2016) and Berr et al., (2022).

5) Conclusion

The integration of criticality methods into LCA allows for the assessment of both the vulnerability of a
product to resource supply risks as well as its environmental impacts. This joint assessment has so far only been
applied to high-tech products such as batteries. In spite of the vulnerability of agricultural products to supply
risks, no study has yet investigated their criticality.

The present work therefore proposed to integrate criticality into LCA for agricultural and food products, by
taking into account three key resources, i.e. minerals, water and land.

The integration of criticality into LCA was carried out by deriving characterisation factors from the SR
indexes of the Yale and JRC methods, which were in turn applied to a case study: the LCA of three contrasting
bread supply chains.

The LCA results showed that BSC B has fewer environmental impacts per kilogram of bread produced than
BSC A, but a higher mineral and water Supply Risk Potential and a lower land Supply Risk Potential than BSC
A. As BSC C is a combination of BSC A and BSC B, its SRP are close to those of A or B, depending on the
contribution of the supply chain stages to the three resources SRP. The analysis of the results highlights the
relevance in characterising Supply Risk profiles for agri-food products, since potential trade-offs between
environmental performances and vulnerability to resource shortages can arise. Furthermore, the contribution
analysis stresses the importance of applying a life cycle perspective in order to perform a food product supply
risk assessment, because vulnerability trade-offs are known to occur between life cycle phases or resource types.

Nevertheless, the comparison between the two criticality methods also reveals the variability in terms of
methodological choices, and calls for the development of further food product case studies implementing

different criticality methods. In order to provide more meaningful insights, future investigations should also
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integrate other types of key resources for an agricultural product, such as transport, energy or agricultural

commodities.

Acknowledgements

Lazare Deteix, Eleonore Loiseau, and Thibault Salou are members of the ELSA research group
(Environmental Life Cycle and Sustainability Assessment, http://www.ELSA-Ica.org/) and thank all ELSA
members for their help and advice. We also thank Marilys Pradel and Jialun Zhang for the exchanges on
phosphate criticality. The authors also acknowledge Joséphine Ras and Chloé Stanford-Clark for the English
proofreading. We thank the anonymous reviewer for its comments that helped improve this paper.

This work was supported by the French National Research Agency (ANR grant ANR-20-CE03-0006).

CRediT authorship contribution statement

Lazare Deteix: Conceptualization; Methodology; Investigation; Software; Data Curation; Writing-Original
Draft. Thibault Salou: Conceptualization; Methodology; Investigation; Validation; Supervision. Eléonore
Loiseau: Conceptualization; Methodology; Investigation; Validation; Supervision; Writing-Review & Editing;

Project administration.

Declaration of competing interest

The authors declare no competing interests.

Data Availability

All data generated or analysed during this study are included in this published article and its supplementary
information files, and the water supply risk indexes are available in the DATA INRAE repository :

https://doi.org/10.57745/USTLHN

Supplementary information associated with this article include 3 Supplementary Material files.
Supplementary Material 1 contains Appendix A that describes the water supply risk methodology, Appendix B
that presents the harmonization across resources within the Yale and JRC criticality methods, Appendix C that
provides additional results of the case study, and a description of the files from Supplementary Material 2 and 3.

Supplementary Material 2 is an excel file providing the Life Cycle Inventory of the three BSCs.

23


https://anr.fr/Projet-ANR-20-CE03-0006
https://doi.org/10.57745/U8TLHN

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

Supplementary Material 3 is a zip file containing 3 files that provide the elementary flows from the Simapro

software that are included in the assessment as well as their corresponding Supply Risk CFs.

References

André, Hampus, and Maria Ljunggren. 2021. “Towards Comprehensive Assessment of Mineral Resource
Availability? Complementary Roles of Life Cycle, Life Cycle Sustainability and Criticality Assessments.”
Resources, Conservation and Recycling 167(June 2020). doi: 10.1016/j.resconrec.2021.105396.

Arendt, Rosalie, Marco Muhl, Vanessa Bach, and Matthias Finkbeiner. 2020. “Criticality Assessment of Abiotic
Resource Use for Europe— Application of the SCARCE Method.” Resources Policy 67(December
2019):101650. doi: 10.1016/j.resourpol.2020.101650.

Bach, Vanessa, Markus Berger, Silvia Forin, and Matthias Finkbeiner. 2018. “Comprehensive Approach for
Evaluating Different Resource Types — Case Study of Abiotic and Biotic Resource Use Assessment
Methodologies.” Ecological Indicators 87(June 2017):314-22. doi: 10.1016/j.ecolind.2017.12.049.

Bach, Vanessa, Markus Berger, Martin Henf3ler, Martin Kirchner, Stefan Leiser, Lisa Mohr, ElImar Rother,
Klaus Ruhland, Laura Schneider, Ladji Tikana, Wolfgang Volkhausen, Frank Walachowicz, and Matthias
Finkbeiner. 2016. “Integrated Method to Assess Resource Efficiency — ESSENZ.” Journal of Cleaner
Production 137:118-30. doi: 10.1016/j.jclepro.2016.07.077.

Bayart, Jean Baptiste, Cécile Bulle, Louise Deschénes, Manuele Margni, Stephan Pfister, Francois Vince, and
Annette Koehler. 2010. “A Framework for Assessing Off-Stream Freshwater Use in LCA.” International
Journal of Life Cycle Assessment 15(5):439-53. doi: 10.1007/s11367-010-0172-7.

Benton, T., C. Bieg, H. Harwatt, R. Pudassaini, and L. Wellesley. 2021. Food System Impacts on Biodiversity
Loss Three Levers for Food.

Berger, Markus, Thomas Sonderegger, Rodrigo Alvarenga, Vanessa Bach, Alexander Cimprich, Jo Dewulf, Rolf
Frischknecht, Jeroen Guinée, Christoph Helbig, Tom Huppertz, Olivier Jolliet, Masaharu Motoshita,
Stephen Northey, Claudia A. Pefia, Benedetto Rugani, Abdelhadi Sahnoune, Dieuwertje Schrijvers, Rita
Schulze, Guido Sonnemann, Alicia Valero, Bo P. Weidema, and Steven B. Young. 2020. “Mineral
Resources in Life Cycle Impact Assessment: Part 1| — Recommendations on Application-Dependent Use of
Existing Methods and on Future Method Development Needs.” International Journal of Life Cycle
Assessment 25(4):798-813. doi: 10.1007/s11367-020-01737-5.

Berr, Marcus, Didier Beloin-Saint-Pierre, Roland Hischier, Alessandra Hool, and Patrick Wager. 2022.

24



610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

“SPOTTER: Assessing Supply Disruption Impacts along the Supply Chain within Life Cycle
Sustainability Assessment.” Cleaner Logistics and Supply Chain 4(May). doi:
10.1016/j.clscn.2022.100063.

Blengini, Gian Andrea, D. Blagoeva, J. Dewulf, C. Torres de Matos, V. Nita, B. Vidal-Legaz, C. E. .. Latunussa,
Y. Kayam, L. Talens Peiro, C. Baranzelli, S. Manfredi, L. Mancini, P. Nuss, A. Marmier, P. Alves-Dias,
C. Pavel, E. Tzimas, F. Mathieux, D. Pennington, and C. Ciupagea. 2017. Assessment of the Methodology
for Establishing the EU List of Critical Raw Materials - Background Report.

Boschiero, Martina, Valeria De Laurentiis, Carla Caldeira, and Serenella Sala. 2023. “Comparison of Organic
and Conventional Cropping Systems : A Systematic Review of Life Cycle Assessment Studies.”
Environmental Impact Assessment Review 102(June):107187. doi: 10.1016/j.eiar.2023.107187.

Castellani, Valentina, Antoine Beylot, and Serenella Sala. 2019. “Environmental Impacts of Household
Consumption in Europe: Comparing Process-Based LCA and Environmentally Extended Input-Output
Analysis.” Journal of Cleaner Production 240. doi: 10.1016/j.jclepro.2019.117966.

Chowdhury, Rubel Biswas, Graham A. Moore, Anthony J. Weatherley, and Meenakshi Arora. 2017. “Key
Sustainability Challenges for the Global Phosphorus Resource, Their Implications for Global Food
Security, and Options for Mitigation.” Journal of Cleaner Production 140:945-63. doi:
10.1016/j.jclepro.2016.07.012.

Cimprich, Alexander, Vanessa Bach, Christoph Helbig, Andrea Thorenz, Dieuwertje Schrijvers, Guido
Sonnemann, Steven B. Young, Thomas Sonderegger, and Markus Berger. 2019. “Raw Material Criticality
Assessment as a Complement to Environmental Life Cycle Assessment: Examining Methods for Product-
Level Supply Risk Assessment.” Journal of Industrial Ecology 23(5):1226-36. doi: 10.1111/jiec.12865.

Cimprich, Alexander, Karim S. Karim, and Steven B. Young. 2017. “Extending the Geopolitical Supply Risk
Method: Material ‘Substitutability’ Indicators Applied to Electric Vehicles and Dental X-Ray Equipment.”
International Journal of Life Cycle Assessment 23(10):2024-42. doi: 10.1007/s11367-017-1418-4.

Cimprich, Alexander, Steven B. Young, Christoph Helbig, Eskinder D. Gemechu, Andrea Thorenz, Axel Tuma,
and Guido Sonnemann. 2017. “Extension of Geopolitical Supply Risk Methodology: Characterization
Model Applied to Conventional and Electric Vehicles.” Journal of Cleaner Production 162:754—63. doi:
10.1016/j.jclepro.2017.06.063.

Clapp, Jennifer. 2017. “Food Self-Sufficiency: Making Sense of It, and When It Makes Sense.” Food Policy

66:88-96. doi: 10.1016/j.foodpol.2016.12.001.

25



640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

Cordell, D., and T. S. S. Neset. 2014. “Phosphorus Vulnerability: A Qualitative Framework for Assessing the
Vulnerability of National and Regional Food Systems to the Multi-Dimensional Stressors of Phosphorus
Scarcity.” Global Environmental Change 24(1):108-22. doi: 10.1016/j.gloenvcha.2013.11.005.

Cordell, Dana, and Stuart White. 2011. “Peak Phosphorus: Clarifying the Key Issues of a Vigorous Debate about
Long-Term Phosphorus Security.” 2027-49. doi: 10.3390/su3102027.

Deteix, Lazare, Thibault Salou, Sophie Drogué, and Eléonore Loiseau. 2023. “The Importance of Land in
Resource Criticality Assessment Methods : A First Step towards Characterising Supply Risk.” Science of
the Total Environment 880(March):163248. doi: 10.1016/j.scitotenv.2023.163248.

Dewettinck, K., F. Van Bockstaele, B. Kihne, D. Van de Walle, T. M. Courtens, and X. Gellynck. 2008.
“Nutritional Value of Bread: Influence of Processing, Food Interaction and Consumer Perception.” Journal
of Cereal Science 48(2):243-57. doi: 10.1016/j.jcs.2008.01.003.

Dewulf, Jo, Lorenzo Benini, Lucia Mancini, Serenella Sala, Gian Andrea Blengini, Fulvio Ardente, Marco
Recchioni, Joachim Maes, Rana Pant, and David Pennington. 2015. “Rethinking the Area of Protection
‘Natural Resources’ in Life Cycle Assessment.” Environmental Science and Technology 49(9):5310-17.
doi: 10.1021/acs.est.5b00734.

van Dijk, Michiel, Tom Morley, Marie Luise Rau, and Yashar Saghai. 2021. “A Meta-Analysis of Projected
Global Food Demand and Population at Risk of Hunger for the Period 2010-2050.” Nature Food
2(7):494-501. doi: 10.1038/s43016-021-00322-9.

European Commission. 2020a. “Critical Raw Materials Resilience: Charting a Path towards Greater Security and
Sustainability.” COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT,
THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE
OF THE REGIONS.

European Commission. 2020b. Study on the EU’s List of Critical Raw Materials - Final Report (2020).

Fader, Marianela, Dieter Gerten, Michael Krause, Wolfgang Lucht, and Wolfgang Cramer. 2013. “Spatial
Decoupling of Agricultural Production and Consumption: Quantifying Dependences of Countries on Food
Imports Due to Domestic Land and Water Constraints.” Environmental Research Letters 8(1). doi:
10.1088/1748-9326/8/1/014046.

FAO. 2020. The State of Food and Agriculture: Overcoming Water Challenges in Agriculture.

FAOSTAT. 2020. “Land Use in Agriculture by the Numbers.”

Garrone, Paola, Luca Grilli, and Riccardo Marzano. 2019. “Price Elasticity of Water Demand Considering

26



670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

Scarcity and Attitudes.” Utilities Policy 59(June):100927. doi: 10.1016/j.jup.2019.100927.

Gemechu, Eskinder D., Christoph Helbig, Guido Sonnemann, Andrea Thorenz, and Axel Tuma. 2015. “Import-
Based Indicator for the Geopolitical Supply Risk of Raw Materials in Life Cycle Sustainability
Assessments.” Journal of Industrial Ecology 20(1):154-65. doi: 10.1111/jiec.12279.

Gomiero, Tiziano, David Pimentel, and Maurizio G. Paoletti. 2011. “Environmental Impact of Different
Agricultural Management Practices: Conventional vs. Organic Agriculture.” Critical Reviews in Plant
Sciences 30(1-2):95-124. doi: 10.1080/07352689.2011.554355.

Graedel, T. E., Rachel Barr, Chelsea Chandler, Thomas Chase, Joanne Choi, Lee Christoffersen, Elizabeth
Friedlander, Claire Henly, Christine Jun, Nedal T. Nassar, Daniel Schechner, Simon Warren, Man Yu
Yang, and Charles Zhu. 2012. “Methodology of Metal Criticality Determination.” Environmental Science
and Technology 46(2):1063-70. doi: 10.1021/es203534z.

Graedel, T. E., E. M. Harper, N. T. Nassar, Philip Nuss, Barbara K. Reck, and B. L. Turner. 2015. “Criticality of
Metals and Metalloids.” Proceedings of the National Academy of Sciences of the United States of America
112(14):4257-62. doi: 10.1073/pnas.1500415112.

Hackenhaar, Isadora, Rodrigo A. F. Alvarenga, Till M. Bachmann, Federico Riva, Rafael Horn, Roberta Graf,
and Jo Dewulf. 2022. “A Critical Review of Criticality Methods for a European Life Cycle Sustainability
Assessment.” Procedia CIRP 105:428-33. doi: 10.1016/j.procir.2022.02.071.

Helbig, Christoph, Eskinder D. Gemechu, Baptiste Pillain, Steven B. Young, Andrea Thorenz, Axel Tuma, and
Guido Sonnemann. 2016. “Extending the Geopolitical Supply Risk Indicator: Application of Life Cycle
Sustainability Assessment to the Petrochemical Supply Chain of Polyacrylonitrile-Based Carbon Fibers.”
Journal of Cleaner Production 137:1170-78. doi: 10.1016/j.jclepro.2016.07.214.

HenBler, Martin, Vanessa Bach, Markus Berger, Matthias Finkbeiner, and Klaus Ruhland. 2016. “Resource
Efficiency Assessment-Comparing a Plug-in Hybrid with a Conventional Combustion Engine.” Resources
5(1). doi: 10.3390/resources5010005.

Van Hoof, Gert, Marisa Vieira, Maria Gausman, and Annie Weisbrod. 2013. “Indicator Selection in Life Cycle
Assessment to Enable Decision Making: Issues and Solutions.” International Journal of Life Cycle
Assessment 18(8):1568-80. doi: 10.1007/s11367-013-0595-z.

Huijbregts, MAJ, Z. J. N. Steinmann, P. M. F. M. Elshout, G. Stam, F. Verones, M. D. M. Vieira, M. Zijp, and
R. van Zelm. 2016. “ReCiPe 2016.” National Institute for Public Health and the Environment 194.

Toannidou, Dimitra, Niko Heeren, Guido Sonnemann, and Guillaume Habert. 2019. “The Future in and of

27



700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

Criticality Assessments.” Journal of Industrial Ecology 23(4):751-66. doi: 10.1111/jiec.12834.

ISO. 2006a. “ISO 14040 : Environmental Management — Life Cycle Assessment — Principles and
Framework.”

ISO. 2006b. “ISO 14044 : Environmental Management - Life Cycle Assessment Requirements and Guidelines.”

Koch, Bjorn, Fernando Pefiaherrera, and Alexandra Pehlken. 2019. “Criticality and LCA — Building Comparison
Values to Show the Impact of Criticality on LCA.” European Journal of Sustainable Development
8(4):304. doi: 10.14207/ejsd.2019.v8n4p304.

Koch, Peter, and Thibault Salou. 2020a. “AGRIBALYSE® : RAPPORT METHODOLOGIQUE, VOLET
AGRICULTURE.”

Koch, Peter, and Thibault Salou. 2020b. “AGRIBALYSE®: Methodology, Agricultural Stage - Version 3.0.”
(April):303.

Koellner, Thomas, and Roland W. Scholz. 2007. “Assessment of Land Use Impacts on the Natural Environment:
Part 1: An Analytical Framework for Pure Land Occupation and Land Use Change.” International Journal
of Life Cycle Assessment 12(1):16—23. doi: 10.1065/Ica2006.12.292.1.

Koyamparambath, Anish, Jair Santill&n-Saldivar, Benjamin McLellan, and Guido Sonnemann. 2022. “Supply
Risk Evolution of Raw Materials for Batteries and Fossil Fuels for Selected OECD Countries (2000—
2018).” Resources Policy 75. doi: 10.1016/j.resourpol.2021.102465.

Kulak, Michal, Thomas Nemecek, Emmanuel Frossard, Véronique Chable, and Gérard Gaillard. 2015. “Life
Cycle Assessment of Bread from Several Alternative Food Networks in Europe.” Journal of Cleaner
Production 90:104-13. doi: 10.1016/j.jclepro.2014.10.060.

Litkehaus, Hauke, Christian Pade, Matthias Oswald, Urte Brand, Tobias Naegler, and Thomas Vogt. 2022.
“Measuring Raw-Material Criticality of Product Systems through an Economic Product Importance
Indicator: A Case Study of Battery-Electric Vehicles.” International Journal of Life Cycle Assessment
27(1):122-37. doi: 10.1007/s11367-021-02002-z.

Mancini, Lucia, Lorenzo Benini, and Serenella Sala. 2018. “Characterization of Raw Materials Based on Supply
Risk Indicators for Europe.” International Journal of Life Cycle Assessment 23(3):726-38. doi:
10.1007/s11367-016-1137-2.

Mancini, Lucia, Serenella Sala, Marco Recchioni, Lorenzo Benini, Malgorzata Goralczyk, and David
Pennington. 2015. “Potential of Life Cycle Assessment for Supporting the Management of Critical Raw

Materials.” International Journal of Life Cycle Assessment 20(1):100-116. doi: 10.1007/s11367-014-0808-

28



730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

0.

Mutel, Christopher L., Stephan Pfister, and Stefanie Hellweg. 2012. “GIS-Based Regionalized Life Cycle
Assessment: How Big Is Small Enough? Methodology and Case Study of Electricity Generation
(Environmental Science and Technology (2012) 46:2 (1096-1103) DOI: 10.1021/Es203117z).”
Environmental Science and Technology 46(23):13028. doi: 10.1021/es304634t.

Nonhebel, Sanderine. 2005. “Renewable Energy and Food Supply: Will There Be Enough Land?” Renewable
and Sustainable Energy Reviews 9(2):191-201. doi: 10.1016/j.rser.2004.02.003.

Notarnicola, Bruno, Giuseppe Tassielli, Pietro Alexander, Valentina Castellani, and Sere Sala. 2017.
“Environmental Impacts of Food Consumption in Europe.” Journal of Cleaner Production 140:753-65.
doi: 10.1016/j.jclepro.2016.06.080.

Ostrom, Elinor. 1990. Governing the Commons. The Evolution of Institutions for Collective Action. Cambridge:
Cambridge University Press.

Patouillard, Laure, Cécile Bulle, Cécile Querleu, Dominique Maxime, Philippe Osset, and Manuele Margni.
2018. “Critical Review and Practical Recommendations to Integrate the Spatial Dimension into Life Cycle
Assessment.” Journal of Cleaner Production 177:398-412. doi: 10.1016/j.jclepro.2017.12.192.

Pelzeter, Julia, Vanessa Bach, Martin HenBler, Klaus Ruhland, and Matthias Finkbeiner. 2022. “Enhancement of
the ESSENZ Method and Application in a Case Study on Batteries.” Resources 11(6). doi:
10.3390/resources11060052.

Penaherrera, Fernando, Maria F. Davila R., Alexandra Pehlken, and Bjon Koch. 2022. “Quantifying the
Environmental Impacts of Electrical Vehicle Batteries from a Criticality Perspective.” in 2022 IEEE 28th
International Conference on Engineering, Technology and Innovation (ICE/ITMC) & 31st International
Association For Management of Technology (IAMOT) Joint Conference. Nancy.

Petersen-Perlman, Jacob D., Jennifer C. Veilleux, Aaron T. Wolf, Jennifer C. Veilleux, and Aaron T. Wolf.
2017. “International Water Conflict and Cooperation : Challenges and Opportunities.” Water International
00(00):1-16. doi: 10.1080/02508060.2017.1276041.

Petit-boix, Anna, Defne Apul, Thomas Wiedmann, and Sina Leipold. 2022. “Transdisciplinary Resource
Monitoring Is Essential to Prioritize Circular Economy Strategies in Cities.” 17.

Pfister, Stephan, Annette Koehler, and Stefanie Hellweg. 2009. “Assessing the Environmental Impacts of
Freshwater Consumption in LCA.” Environmental Science and Technology 43(11):4098-4104. doi:

10.1021/es802423e.

29



760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

Poore, J., and T. Nemecek. 2018. “Reducing Food’s Environmental Impacts through Producers and Consumers.”
Science 360(6392):987-92. doi: 10.1126/science.aaq0216.

Renting, Henk, Terry K. Marsden, and Jo Banks. 2003. “Understanding Alternative Food Networks: Exploring
the Role of Short Food Supply Chains in Rural Development.” Environment and Planning A 35(3):393—
411. doi: 10.1068/a3510.

Ringler, Claudia, Anik Bhaduri, and Richard Lawford. 2013. “The Nexus across Water, Energy, Land and Food
(WELF): Potential for Improved Resource Use Efficiency?” Current Opinion in Environmental
Sustainability 5(6):617-24. doi: 10.1016/j.cosust.2013.11.002.

Santillan-Saldivar, Jair, Tobias Gaugler, Christoph Helbig, Andreas Rathgeber, Guido Sonnemann, Andrea
Thorenz, and Axel Tuma. 2021. “Design of an Endpoint Indicator for Mineral Resource Supply Risks in
Life Cycle Sustainability Assessment: The Case of Li-Ion Batteries.” Journal of Industrial Ecology
25(4):1051-62. doi: 10.1111/jiec.13094.

Santillan-Saldivar, Jair, Eskinder Gemechu, Stéphanie Muller, Jacques Villeneuve, Steven B. Young, and Guido
Sonnemann. 2022. “An Improved Resource Midpoint Characterization Method for Supply Risk of
Resources: Integrated Assessment of Li-lon Batteries.” International Journal of Life Cycle Assessment
457-68. doi: 10.1007/s11367-022-02027-y.

Schrijvers, Dieuwertje, Alessandra Hool, Gian Andrea Blengini, Wei Qiang Chen, Jo Dewulf, Roderick Eggert,
Layla van Ellen, Roland Gauss, James Goddin, Komal Habib, Christian Hageliken, Atsufumi Hirohata,
Margarethe Hofmann-Amtenbrink, Jan Kosmol, Maité Le Gleuher, Milan Grohol, Anthony Ku, Min Ha
Lee, Gang Liu, Keisuke Nansai, Philip Nuss, David Peck, Armin Reller, Guido Sonnemann, Luis Tercero,
Andrea Thorenz, and Patrick A. Wiger. 2020. “A Review of Methods and Data to Determine Raw
Material Criticality.” Resources, Conservation and Recycling 155(June 2019):104617. doi:
10.1016/j.resconrec.2019.104617.

Sonderegger, Thomas, Markus Berger, Rodrigo Alvarenga, Vanessa Bach, Alexander Cimprich, Jo Dewulf, Rolf
Frischknecht, Jeroen Guinée, Christoph Helbig, Tom Huppertz, Olivier Jolliet, Masaharu Motoshita,
Stephen Northey, Benedetto Rugani, Dieuwertje Schrijvers, Rita Schulze, Guido Sonnemann, Alicia
Valero, Bo P. Weidema, and Steven B. Young. 2020. “Mineral Resources in Life Cycle Impact
Assessment—Part I: A Critical Review of Existing Methods.” International Journal of Life Cycle
Assessment 25(4):784-97. doi: 10.1007/s11367-020-01736-6.

Sonderegger, Thomas, Jo Dewulf, Peter Fantke, Danielle Maia de Souza, Stephan Pfister, Franziska Stoessel,

30



790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

Francesca Verones, Marisa Vieira, Bo Weidema, and Stefanie Hellweg. 2017. “Towards Harmonizing
Natural Resources as an Area of Protection in Life Cycle Impact Assessment.” International Journal of
Life Cycle Assessment 22(12):1912-27. doi: 10.1007/s11367-017-1297-8.

Sonderegger, Thomas, Stephan Pfister, and Stefanie Hellweg. 2015. “Criticality of Water: Aligning Water and
Mineral Resources Assessment.” Environmental Science and Technology 49(20):12315-23. doi:
10.1021/acs.est.5b02982.

Sonnemann, Guido, Eskinder Demisse Gemechu, Naeem Adibi, Vincent De Bruille, and Cécile Bulle. 2015.
“From a Critical Review to a Conceptual Framework for Integrating the Criticality of Resources into Life
Cycle Sustainability Assessment.” Journal of Cleaner Production 94:20-34. doi:
10.1016/j.jclepro.2015.01.082.

Springmann, Marco, Michael Clark, Daniel Mason-D’Croz, Keith Wiebe, Benjamin Leon Bodirsky, Luis
Lassaletta, Wim de Vries, Sonja J. Vermeulen, Mario Herrero, Kimberly M. Carlson, Malin Jonell, Max
Troell, Fabrice DeClerck, Line J. Gordon, Rami Zurayk, Peter Scarborough, Mike Rayner, Brent Loken,
Jess Fanzo, H. Charles J. Godfray, David Tilman, Johan Rockstrom, and Walter Willett. 2018. “Options
for Keeping the Food System within Environmental Limits.” Nature 562(7728):519-25. doi:
10.1038/s41586-018-0594-0.

Steffen, Will, Katherine Richardson, Johan Rockstrém, Sarah E. Cornell, Ingo Fetzer, Elena M. Bennett,
Reinette Biggs, Stephen R. Carpenter, Wim De Vries, Cynthia A. De Wit, Carl Folke, Dieter Gerten, Jens
Heinke, Georgina M. Mace, Linn M. Persson, Veerabhadran Ramanathan, Belinda Reyers, and Sverker
Sorlin. 2015. “Planetary Boundaries: Guiding Human Development on a Changing Planet.” Science
347(6223). doi: 10.1126/science.1259855.

Tabeau, Andrzej, John Helming, and George Philippidis. 2017. “Land Supply Elasticities.” 1-17. doi:
10.2760/852141.

Terlouw, Tom, Xiaojin Zhang, Christian Bauer, and Tarek Alskaif. 2019. “Towards the Determination of Metal
Criticality in Home-Based Battery Systems Using a Life Cycle Assessment Approach.” Journal of Cleaner
Production 221:667-77. doi: 10.1016/j.jclepro.2019.02.250.

Watts, D. C. H., B. Lbery, and D. Maye. 2005. “Making Reconnections in Agro-Food Geography: Alternative
Systems of Food Provision.” Progress in Human Geography 1(2005):22-40.

Weegels, Peter L. 2019. “The Future of Bread in View of Its Contribution to Nutrient Intake as a Starchy Staple

Food.” Plant Foods for Human Nutrition 74(1):1-9. doi: 10.1007/s11130-019-0713-6.

31



820

821

822

823

824

825

826

827

van der Werf, Hayo M. G., Marie Trydeman Knudsen, and Christel Cederberg. 2020. “Towards Better
Representation of Organic Agriculture in Life Cycle Assessment.” Nature Sustainability. doi:
10.1038/s41893-020-0489-6.

Westhoek, Henk, John Ingram, Siemen Van Berkum, Leyla Ozay, and Maarten Hajer. 2016. Food Systems and
Natural Resources.

Yavor, Kim Maya, Vanessa Bach, and Matthias Finkbeiner. 2021. “Adapting the ESSENZ Method to Assess

Company-Specific Criticality Aspects.” Resources 10(6). doi: 10.3390/resources10060056.

32



