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ARTICLE INFO ABSTRACT

Keywords: Life cycle assessment, a comprehensive tool to evaluate environmental impacts across a product’s life cycle,

Lca traditionally focuses on "inside-out" impacts caused by the product on the environment, emphasizing resource

Criticality assessment use, global warming, and other environmental impacts. In contrast, the "outside-in" perspective considers

Geopo}BfSk method . . resource availability and accessibility to industry. This second perspective was developed as a way to integrate

Geopolitical supply risk potential X A . . .

Gallium raw material criticality assessment into LCA. The GeoPolRisk method assesses the supply risk based on global
production concentration, import shares, political stability scores, and the average price of the commodity. This
article introduces a characterization model for the GeoPolRisk method and calculates the Geopolitical Supply
Risk Potential of using 46 raw materials across different countries in multiple years. The characterization factors
show the highest values for precious metals, like platinum group metals (PGMs), reflecting their high market
prices and concentrated production in geopolitically unstable regions. The results emphasize the significance of
spatial and temporal variations in characterization factors, providing a nuanced assessment of supply risk of raw
materials associated with the product system. Despite data limitations, the characterization factors offer a good
estimate of the supply risk of raw materials available for use in product systems. A case study on photovoltaic
laminate production highlights gallium, copper, and tin as significant contributors to supply risk. From an
"outside-in" perspective, the case study demonstrates how the GeoPolRisk method complements traditional
environmental indicators such as global warming, making it a valuable tool for assessing mineral resource supply
risk in Life Cycle Assessment.

addressing the impacts of resource use on the AoP, especially regarding
natural resources (Charpentier Poncelet et al., 2022; Dewulf et al., 2015;

1. Introduction

Assessing the impacts of abiotic resource use has been a topic of
discussion in the field of life cycle assessment (LCA) for a decade
(Dewulf et al., 2015; Drielsma et al., 2016). LCA is a comprehensive tool
that assesses the environmental impacts throughout the life cycle of a
product or process. The general impact pathways, which encompass all
exchanges between the product system and the environment, relate to
three areas of protection (AoP) used in LCA (Finnveden et al., 2009;
Guinée et al., 2011). Existing methods that quantify the impacts of
abiotic resource use address issues like resource depletion, scarcity, or
dissipation (Drielsma et al., 2016; Udo de Haes and Lindeijer, 2002), and
describe the impacts on the AoP resulting from the product system’s use
of resources, often referred to as “inside-out” impacts (Udo de Haes and
Lindeijer, 2002). From another perspective, several articles have high-
lighted the significance of resource availability and accessibility when
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Drielsma et al., 2016; Sonnemann et al., 2015). These impacts that in-
fluence the product system are referred to as “outside-in” impacts, which
sparked interest in integrating raw material criticality assessment into
LCA (Cimprich et al., 2019; Sonnemann et al., 2015).

Raw material criticality refers to the evaluation of the economic and
technical dependence on a specific raw material, as well as the proba-
bility of potential disruptions in its supply within a defined timeframe,
for a particular stakeholder group (Graedel et al., 2015; National
Research Council, 2008). This definition aligns closely with the con-
ventional risk theory, where criticality can be defined in terms of "risk"
and "vulnerability to supply risk" (Achzet and Helbig, 2013; Cox, 2009).
Commonly used indicators for supply risk include mineral production
concentration, import risk, depletion potential, recyclability, and
by-product dependency (Achzet and Helbig, 2013; Schrijvers et al.,
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2020). On the other hand, direct material substitutability remains a
prominent indicator for assessing vulnerability (Achzet and Helbig,
2013; Schrijvers et al., 2020). Most of the criticality assessment methods
address the supply risk of a raw material with the goal to inform relevant
stakeholders or policymakers on the issues with its supply and demand
(Schrijvers et al., 2020). The supply risk of a raw material varies relative
to different economies; for example, raw materials like helium, boron,
and gallium pose a higher supply risk to the EU compared to the US, and
this risk can vary across different years (IRENA, 2024; Siddhantakar
et al., 2023).

The third dimension of criticality, “environmental implications” was
introduced by Graedel et al., referring to the environmental impacts of
the use of the critical raw material (Graedel et al., 2012). While LCA
traditionally evaluates the environmental impacts from an “inside-out”
perspective, various product-level criticality methods were developed to
complement LCA from an “outside-in” perspective. A review of criti-
cality assessment methods (Schrijvers et al., 2020), considering their
goals and scope, has identified product-level assessment methods such
as ESSENZ methods, the integrated method to assess resource efficiency
(Bach et al., 2016), and the GeoPolRisk method, a life cycle criticality
assessment method (Gemechu et al., 2015). Their compatibility with
LCA has been assessed by different projects, such as the United Nations
Environment Programme Life Cycle Initiative (UNEP-LC INITIATIVE)
(Berger et al., 2020; Sonderegger et al., 2020) and the ORIENTING
project (Operational Life Cycle Sustainability Assessment Methodology
Supporting Decisions Towards a Circular Economy) (Bachmann et al.,
2021; Hackenhaar et al., 2024) which specifically assesses their
compatibility with the Life Cycle Sustainability Assessment (LCSA)
(UNEP, 2011). UNEP-LC INITIATIVE has recognized the ESSENZ
method and GeoPolRisk methods as relevant for addressing potential
accessibility issues in a product system (Berger et al., 2020). On the
other hand, the ORIENTING project recommends the GeoPolRisk
method, as it evaluates the supply risk of raw material to a specific
country, region, or company within a defined period, while ESSENZ is a
comprehensive resource efficiency method providing global values for
supply risk and other indicators (Hackenhaar et al., 2022).

The GeoPolRisk method, originally developed by Gemechu as a
midpoint characterization factor (CF) in LCA (Gemechu et al., 2015),
quantifies supply risk by considering the global production concentra-
tion of raw materials and the import shares of trade partners, weighted
by the country’s political stability score. It evaluates the supply risk for a
country/group of countries/region for a given time period. Over time,
this method has seen several enhancements, including incorporating
domestic production (Helbig et al., 2016) and recycling of resources as
risk mitigation factors (Santillan-Saldivar et al.,, 2021a). The
above-mentioned projects (ORIENTING and UNEP-LC INITIATIVE) have
reviewed this method and provided recommendations to enhance its
compatibility with LCA.

Previous studies on the GeoPolRisk method have implemented most
of these recommendations, such as extending the method from the
midpoint to the endpoint, which directly relates to the AoP natural re-
sources (Santillan-Saldivar et al., 2021b). Another recommendation was
associating the method with the mass flow in life cycle inventories. This
was achieved by introducing a new factor at the midpoint level, the
yearly average market price of the raw material. This modification
allowed the method to associate with the mass flow to measure the
geopolitically related supply risk for a product system, representing the
amount of resources at risk of supply disruption measured in monetary
units (Santillan-Saldivar et al., 2022) and was tested through a case
study involving four raw materials used in the cathode of a lithium-ion
battery. However, the main limitation of the studies is that they have
applied the CFs to a limited number of raw materials and years, pri-
marily due to the complexity of the calculation and data availability,
which is also highlighted in the ORIENTING project report. Another
limitation was recognized in the characterization model: the compara-
bility of supply risk with other environmental indicators. Expressing risk
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in monetary units could indirectly imply economic damage, which is not
intended at the midpoint level but is typically calculated at the endpoint
(Santillan-Saldivar et al., 2021b).

This article aims to introduce a characterization model with an
equivalence factor for the GeoPolRisk method, using a calculation li-
brary and new data sources, to compute spatially and temporally
differentiated CFs for direct application in LCA studies which could
potentially be used in an LCA software. The goal is to broaden the
coverage of the GeoPolRisk method to include 46 abiotic resources, both
energetic and non-energetic using updated and reliable data sources for
38 countries and six different years. One set of CFs are then applied to a
case study of manufacturing a photovoltaic laminate whose inventory
was extracted from the ecoinvent database version 3.9.1,. The results are
then analyzed and compared to other resource indicators, the Abiotic
Depletion (van Oers et al., 2002), and Mineral Resource Scarcity (Vieira
etal., 2017)., and the discussion emphasizes the unique attributes of the
GeoPolRisk method. Finally, the article presents the limitations of the
GeoPolRisk method and provides an outlook for future developments to
address them.

2. Materials and methods

This section presents a brief overview of the GeoPolRisk method and
the modified characterization model, the new data sources used in the
computation of the CFs, and then presents the case study on the
manufacturing of a photovoltaic laminate using the computed CFs for
the US, France, and China.

2.1. The GeoPolRisk characterization model

The GeoPolRisk method was developed to quantify the supply risk of
raw materials within a product system to a country, region, or group of
countries. It was originally conceived to complement LCA (Gemechu
etal., 2015) as a midpoint CF for LCSA. The production concentration is
evaluated with the normalized Herfindahl-Hirschman Index (HHI)
(from 0 to 1) for raw material extraction or processing, and the political
instability is estimated with the Worldwide Governance Indicators
(WGI) (Kaufmann et al., 2010). Further developments of the method
have incorporated supply risk mitigation factors such as local produc-
tion and domestic recycling of the raw material (Helbig et al., 2016;
Santillan-Saldivar et al., 2021a). The method was then improved to align
the GeoPolRisk method with other indicators used in LCA by associating
it with mass flows in LCA (Santillan-Saldivar et al., 2022). This article
builds upon their characterization model.

The GeoPolRisk method can evaluate the supply risk not only from
the perspective of a country but also from the perspective of a region,
group of countries, or a company. In this article, they are referred to as
an economic unit. The complete equation for calculation of the Geo-
PolRisk Midpoint of a raw material “A” from the perspective of an
economic unit “c” in a given year is as shown in Equation 1:

Equation 1: Equation to calculate the value for the GeoPolRisk
midpoint (Santillan-Saldivar et al., 2022)

GeoPolRisk Midpoint CFy. = HHI, * > (%) «p
'Ac Ac

v
HHIy is the Herfindahl-Hirschman index for raw material “A” calculated
as the sum of the squared production shares of all the countries pro-
ducing raw material “A”. The GeoPolRisk method weights the import
(“faic”) of raw material A to economic unit “c” from “i” with the po-
litical (in) stability indicator of the exporting country (“g;”). “Fa.” is the
total imports to the entity in assessment, and ps. is the domestic pro-
duction of raw material A in entity c. The trade data, fa;, is reduced and
redistributed using the end-of-life recycling input rate (“EoLg;r ). EOLgir
is an indicator of the contribution of recycling to meet the demand
(European Commission, 2018), which is used in the GeoPolRisk method
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as a proxy for domestic recycling to evaluate potential supply risk
mitigation scenarios. The redistribution of the trade data leads to two
different scenarios with values ranging from a best-case scenario (BCS)
to a worst-case scenario (WCS). A BCS is where the imports of a country
with a high political instability score are reduced, and a WCS is where
imports of a country with a low political instability score are reduced
(Santillan-Saldivar et al., 2021a). p represents the yearly average market
price of the raw material in US dollars/ kilogram of raw material. The
value, without the price, represents the probability of supply disruption
of raw material “A” to economic unit “c”. This value, also known as the
GeoPolRisk score, is non-dimensional and can primarily be used in
comparative risk assessment.

GeoPolRisk Midpointa, has units as US dollars per kilogram of raw
material “A” consumed (USD/kg,). This value indicates “the amount of
resources that are at risk of supply disruption and is expressed in mon-
etary units” by multiplying the GeoPolRisk score with the yearly average
market price of the raw material (Santillan-Saldivar et al., 2022).
However, in LCA, a CF represents the contribution per quantity of an
elementary flow to a specific environmental impact (here, the geopo-
litically related supply risk). The unit of a CF is the same for all
elementary flows within an impact category. For midpoint categories, it
typically relates them to the impact of a reference elementary flow. With
the ongoing energy transition, there is a projected increase in demand
for metals, notably copper and aluminum. Copper, widely traded and
used in numerous applications (K.E.K et al., 2022; Valenta et al., 2019),
especially in electricity-related technologies, is expected to maintain
high demand despite efforts to increase recycling rates (Harpprecht
et al.,, 2024; IEA, 2021; Watari et al., 2022). Given its significance,
copper is often considered a suitable reference for risk assessment. This
article presents the midpoint CFs of the GeoPolRisk method to an
equivalent using copper as a reference as done in the Surplus Ore Po-
tential method (Vieira et al., 2017).

The CF is called Geopolitical Supply Risk Potential (GSP) to evaluate
the Geopolitical Supply Risk (GSR) of raw materials consumed in a
product/product system. The values for the GSP are obtained by
dividing GeoPolRisk midpoint,. with the average GeoPolRisk midpoint of
copper for the countries and over 5 years (2017 to 2020) as shown in
Equation 2 where “A” represents the raw material, “c” represents an
economic unit, “t” refers to the time period (year). At the midpoint level,
the indicator seeks to quantify “the risk of relative potential accessibility
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issues for a product system related to short-term geopolitical and socio-
economic aspects?” (Berger et al., 2020). As an import-based indicator,
using the characterization model, the CFs represent the supply risk of a
raw material equivalent to the supply risk of importing one kilogram of
copper to an economic unit at a given time period. This provides a way
to compare the GSR for different processes or product systems using a
common reference. An overview of the framework is presented in Fig. 1.

Equation 2: The GeoPolRisk characterization model to calculate the
Geopolitical Supply Risk Potential

GeoPolRisk midpoint,,,
GeoPolRisk midpoint qpper

Geopolitical Supply Risk Potential (GSPs.) =

2.2. Data to calculate the geopolitical supply risk potential

The calculation of the GSP is done by a python library, geopolrisk-py
(Koyamparambath et al., 2023), developed to automate the calculation.
The characterization model uses trade data from a comprehensive dis-
aggregated database for bilateral trade flows known as the Database for
International Trade Analysis (French acronym, BACI). The traded price
is calculated using the “cost, insurance, and freight (CIF) value,” a
mechanism commonly used in international trade that considers the
cost, insurance, and freight of a product being transported from the
seller to the buyer (United Nations, 2023). Global mine production data
were obtained from the World Mining Data - 2021 report published by
the Austrian Federal Ministry of Finance (FMRA, 2023). Recycling data
for all the countries is not publicly available; hence, to maintain con-
sistency in applying CFs, the model used in this article excludes con-
siderations for metal recycling rates. For certain raw materials such as
gallium, indium, and rhenium, the trade data is aggregated with other
raw materials, and disaggregated datasets for each raw material are not
available. To overcome the limitation, the exporting countries are
matched with the producing countries to extract the trade data for each
of these raw materials. However, in the case of rare earth elements
(REE), production data is also aggregated. Consequently, all REEs are
grouped together. A supplementary material lists raw materials, trade
data, and HS commodity codes, including an explanation of data
sources.

GeoPolRisk Method

time period t

supply disruption)

Mine production data Trade data Political Stability data
« Herfindahl Hirschman Index (HHI) . yx??n quantity of“;fwfmatenal . World\‘uide Governance Indicator
Materials « Local production of raw material Aver:’om country “I" (faic) - Political S(a!mhty ?nd Absence
. ge price of the raw of Violence Dimension (g;)
material calculated from the m '
cost. (Pace) ‘” Pl @JNE WORLD BANK
. . . it*f Aict 45—
GeoPolRisk midpoint ;o = HHI % }; =———="—*P ¢ | santilian-saldvaret al., 2022
Life Cycle PacttFact
Impact
A‘;\z‘*‘h";:"* on GeoPolRisk midpoint 4
At ™ GeoPolRisk midpoint copper
H
. s 5 s i
Life Cycle Inventory Midpoint Endpoint !
Geopolitical Supply e Socio-economic H
Impact Extracted Resources Risk Potential foran Seapalitical Supply damage (Cost AoP: Natural {
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Y g used in the Product Resources i
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i

Fig. 1. Overview of the methodological framework, new data sources, and the data required for calculating the GSP using the GeoPolRisk method, along with
advancements based on previous studies (Santillan-Saldivar et al., 2022). Other references: the GeoPolRisk endpoint model by (Santillan-Saldivar et al., 2021b).



A. Koyamparambath et al.
2.3. Application of the geopolitical supply risk potential

To demonstrate the application of the GeoPolRisk method in
analyzing raw material supply risks, the case of photovoltaic (PV)
laminate production using Copper Indium Gallium Selenide (CIGS)
technology was examined. The analysis utilized inventory data from the
ecoinvent 3.9.1 database, with the selected functional unit being the
production of 1m? of PV laminate using CIGS technology.

Amidst the transition to renewable energy sources to reduce green-
house gas emissions and combat climate change, PV laminates play a
crucial role in solar energy systems (IEA, 2023). CIGS is a thin-film PV
material with high energy conversion efficiency. It offers monolithically
interconnected modules, simplifying the manufacturing process and
reducing costs (Eldada, 2011). CIGS also uses significantly fewer raw
materials compared to other PV laminate technologies. To assess supply
risks for the raw materials in different geographic locations, we assumed
production in three distinct regions: the United States (USA), France,
and China. We applied spatially differentiated CFs using the GeoPolRisk
method to these four countries and analyzed the results.

Mapping the CFs of the GeoPolRisk method to LCI elementary flows
presents a challenge primarily arising from the inherent nature of supply
risk associated with the traded commodity. Within the context of LCA,
the traded commodity refers to the intermediate flow obtained from a
mining activity. LCA characterizes the impacts associated with
elementary flows, encompassing inputs and outputs. Consequently,
applying CFs directly to intermediate flows becomes impractical, as they
cannot be automatically traced unless unit processes are considered.

To address this limitation, we assume that, in mining activities in
ecoinvent, the elementary input flow of the mineral extracted from the
ground is in the same range as the intermediate output flow of the
mineral being produced. This assumption is true for most of the mining
activities in ecoinvent, except for activities where mineral processing
waste is high and mining activities where elementary flows are allocated
to co-products having different economic values. This assumption en-
ables the application of CFs to elementary rather than intermediate
flows, rendering the GeoPolRisk method feasible in this context.

The GeoPolRisk method takes on the perspective of an economic unit
and time period while calculating the CFs for raw materials. Ideally, the
geographic location of the elementary flow where the activity occurs is
utilized to apply the corresponding CF and calculate the GSR of the
product system. However, within the ecoinvent processes, activities
involve a combination of flows originating from various geographical
locations, and to address this challenge, a potential solution is to assume
that all activities occur within a specific geographic location, except for
mining activities, and apply the specific CFs to all elementary flows.
Nevertheless, the supply risk associated with the primary product is
inherently linked to the location of its manufacturing. This is because
there’s an assumption that the supply risk linked to intermediate prod-
ucts is at least equal to, if not greater than, the supply risk of the raw
materials required for producing the intermediate product in the same
location where the primary product is made. From an ‘outside-in’
perspective, the indicator’s goal is to quantify the supply risk of raw
materials due to ‘economic’ and ‘geopolitical’ factors. Using the modi-
fied characterization model, it becomes feasible to link the CFs to mass
flow, thereby providing a quantitative value for the supply risk of the
product through aggregation.

This study applies the GSP for the USA, France and China during the
year 2021 to the elementary flows, and the results are compared with
other resource indicators in LCA: the Abiotic Depletion which evaluates
the depletion of mineral resources based on cumulative production in
2015 (van Oers and Guinée, 2016), and the Mineral Resource Scarcity
indicator which evaluates the extra amount of ore mined per unit of
resource extracted (Vieira et al., 2017) which is included in ReCiPe 2016
impact assessment method (Huijbregts et al., 2017). The UNEP-LC
INITIATIVE also recommends the Abiotic Depletion and Mineral
Resource Scarcity indicators to address the impacts of mineral resource
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use (Berger et al., 2020). The carbon footprint is evaluated using the
IPCC method to assess the burden shift between carbon footprint and
supply risk (IPCC, 2013).

3. Results and discussions

The findings are divided into three sections for presentation and
discussion. First, the CFs for the USA, China, and France are introduced
and analyzed. Subsequently, the outcomes of applying the method to the
case study are outlined and discussed. Lastly, a subsection explores how
the GeoPolRisk method complements environmental indicators.

3.1. Geopolitical supply risk potential - The CFs for the geopolitical supply
risk

Fig. 2 illustrates these CFs for 46 raw materials on a logarithmic scale
computed for the USA, France, and China, computed for 2021. A full list
of CFs for all the Organization for Economic Co-operation and Devel-
opment (OECD) countries (38 member countries) from 2017 to 2021 is
in the supplementary material.

From Fig. 2, Section A, it is evident that platinum group metals
(PGMs), specifically rhodium, platinum, and palladium, demonstrate
considerably higher CFs compared to other resources. Precious metals
like gold and silver also exhibit relatively elevated CFs. Tellurium ranks
next highest among specialty metals after PGMs and gold, followed by
niobium, tungsten, germanium, and tantalum. Regarding energetic raw
materials, uranium displays one of the highest CFs, followed by natural
gas, crude oil, and coal. Section A arranges data based on the lowest
values among the three countries in 2021, with the bar indicating the
extent of difference in CFs between countries, highlighting the highest
values at the right edge of the bar. France registers the highest CFs for
over 50 % of the 46 raw materials among the three countries. For raw
materials such as boron, coal, magnesium, uranium, arsenic, and gal-
lium, among others, France’s CFs are significantly higher than those of
other countries, especially China. However, for the top CFs (PGMs),
France records the lowest values. This analysis underscores the signifi-
cance of geographical variation in CFs.

One major reason some raw materials exhibit high CFs is due to their
production concentration in a few countries. Over 80 % of the world’s
rhodium production comes from South Africa, and platinum and palla-
dium are produced in South Africa and Russia (USGS, 2023a). China is
the dominant producer of gallium, tungsten, vanadium, REE, and
graphite (USGS, 2022). Global niobium production is primarily
concentrated in Brazil, which also holds 94 % of the world’s reserves
(USGS, 2023b). Geographical specificity is also important due to the risk
of imports, which is influenced by the geopolitical situation of the
exporting country. Combined with the high concentration of raw ma-
terial production, low political stability in the exporting country in-
creases the supply risk of raw materials, particularly evident in the case
of raw materials with the top CFs.

The variation observed within the CFs is due to trade choices made
by the importing country and the availability of domestic production.
For instance, France’s lack of production for raw materials like REE,
gallium, magnesium, and iron increases reliance on imports for these
resources. On the other hand, the USA and China mitigate their supply
risk for these raw materials with their local production. For PGMs, their
high CFs are primarily due to the concentrated production and the low
political stability of the exporting country. However, when compared to
other raw materials, it is the price that plays the most significant role,
particularly by orders of magnitude.

The introduction of price into the GeoPolRisk midpoint by Santillan
Saldivar et al. in 2022 allows CFs to associate supply risk with mass
flows (Santillan-Saldivar et al., 2022). However, the price of the raw
material is not merely a means to translate mass into supply risk; it also
adds inherent value to the indicator. The traded price in this context
varies based on bilateral trade deals and policies established between
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A. Geopolitical Supply Risk Potential - 2021

Rhodium
Platinum
Palladium 1
Gold 1
Tellurium 1
Niobium 1
Tungsten 1
Germanium 11
Tantalum 1
Cobalt 1 1
Lithium 11
Selenium 1
Vanadium I 1
Rare earth 1
Gallium 1 1
Antimony 1
Tin 11
Rhenium 1
Copper 1
Molybdenum 1 1
Zirconium 1
Silver 1
Cadmium 1 1
Asbestos 1 1
Chromium Il
Mercury | |
Indium I
Natural gas 11
Arsenic 1
Manganese 1
Uranium 1 1
Titanium 1
Graphite 1
Lead ]
Crude Oil 1
Zinc 1
Aluminium 11
Fluorspar |
Nickel ]
Boron 1
Feldspar 1
Barytes 1 1
Iron 1
Magnesium 1 1
Gypsum & Anhydrite |
Coal 1
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Fig. 2. Geopolitical Supply Risk Potential of 46 raw materials (including energy resources) for the USA, France, and China in 2021. A. illustrates the GSPs in eq. Kg
Cu/Kg on a logarithmic scale (base 10), highlighting the country with the highest and lowest values among the USA, France, and China in 2021. B. and C. depict the
GSP trends for selected metals and energy resources (in absolute scale), respectively, across the 5-year period from 2017 to 2021 for the USA, France, and China.

importing and exporting countries. While the supply risk score is sen-
sitive to the economic unit under study, the price adds an additional
layer of sensitivity. This means that even if the quantity of PGMs used in
products is relatively low, their cost and the high supply risk score
contribute to a significant risk of supply disruption.

The evolution of supply risk, influenced by factors such as production
capacity, trade, political stability scores, and fluctuating prices, impacts
CFs from year to year. In Fig. 2, sections B and C, a comparison of CFs for
the USA, China, and France from 2017 to 2021 for selected metals and
energetic raw materials is presented. For instance, palladium shows an
increase in GSP, primarily due to rising prices, as production concen-
tration has remained stable over multiple years with South Africa and
Russia dominating. On the other hand, there is a notable decrease in the
supply risk of gallium, driven by a price decrease of up to 50 % over the
five-year period, although it remains unchanged for China due to it
being the largest producer globally. There has been an increase in the
GSP of REE for China. This can be attributed to the suspension of op-
erations in Heavy REE mining within China and dependence on coun-
tries like Myanmar, where the political situation is unstable, influencing
higher CFs. CFs for aluminum and iron have generally remained stable,
with occasional peaks, notably in France; however, they remain
comparatively lower than other materials. Similar observations are
found for energetic raw materials, where energy-producing countries
like the USA and China exhibit relative stability, while France shows a
higher GSP. Among energy raw materials, uranium stands out with the
highest CFs, driven once again by the three factors, particularly price.
Other studies have also shown that temporal differences can influence
raw material supply risk for an economic unit (Koyamparambath et al.,
2021). The CFs presented in this article are both spatially and temporally

differentiated, providing a unique aspect to the GeoPolRisk method and
setting it apart from other methods in LCA. This differentiation allows
for comparative analysis and a more precise calculation of supply risk
for the product system.

3.2. Results: the geopolitical supply risk of PV laminate production

The inventory analysis reveals that iron accounts for 50 % of the
contribution to raw material consumption. Iron holds a crucial role in
the economy, especially in this case study, where it is primarily
employed in the construction of structures. Following iron, zinc emerges
as the next highest contributor, as it is utilized in the construction of PV
laminate. In addition to zinc, metals like copper, cadmium, selenium,
tin, gallium, and indium are used in construction when using CIGS
technology. Meanwhile, other metals such as barium, lead, aluminum,
and magnesium appear in the inventory contribution, though not
directly consumed in the construction.

The GeoPolRisk results show that gallium contributes the most to the
supply risk, as indicated by the GSR indicator in Fig. 3. Gallium pro-
duction is primarily concentrated in China, responsible for over 80 % of
global production (USGS, 2023a). It is found in trace amounts in bauxite
ore (McCullough and Nassar, 2017) and is typically obtained as a
by-product of processing other metals like zinc and copper. In July 2023,
China introduced export restrictions on gallium and gallium-containing
products, consistent with a pattern of past trade restrictions on critical
raw materials (Reuters, 2023). To produce 1 m? of PV laminate, 13 g of
gallium is required, underscoring its crucial role (Dimmler and Wachter,
2007). The results also show a notable contribution from copper, pri-
marily due to its mass in various processes, followed by tin. Since the CFs
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Fig. 3. Contribution of various non-energetic raw materials to the mass of the inventory in producing PV laminates and their Geopolitical Supply Risk, the Abiotic

Depletion using ultimate reserves, and Mineral Resource Scarcity (Scarcity).

are also applied to all background processes, including enclosures and
oil extraction, barium and zinc also emerge as contributors to the im-
pacts. Fig. 3 displays the results of applying the GSP to the dataset of
photovoltaic laminate production in the USA.

Concerning abiotic depletion, Tellurium tends to dominate the re-
sults due to its high extraction-to-reserve ratio and therefore its high
ADP. Tellurium is not directly used as material for the PV but it is often
part of the background processes elementary flows since it is a by-
product of copper and gold extraction. Tin makes the second most sig-
nificant contribution to abiotic depletion, arising from the production of
tin concentrate. Lead, zinc, and silver also play a notable role in these
results and are extracted during the production of zinc concentrate. In
case of gallium, it does not appear in the results of abiotic depletion due
to its low extraction rate.

Mineral resource scarcity of gallium was highlighted the most in the
ReCiPe2016 method. This indicator focuses on the concept of dimin-
ishing ore grades and the additional effort needed to extract the same
amount of metal due to the declining quality of ores. (Huijbregts et al.,
2017). However, in the case of gallium, it’s not simple to calculate the
scarcity. The methodology uses ultimate reserves, such as the ADP
method which does not reflect the future availability and factors like
annual production potential and installed production capacity should be
considered. However, the CFs of mineral resource scarcity calculated
based on the defined methodology were possible only for 18 mineral
resources, which include elements like molybdenum, tin, and copper
(Vieira et al., 2017), and remaining values for other mineral resources,
such as gallium, are extrapolated based on the price (Huijbregts et al.,

2017). It was studied that there is no equilibrium between the produc-
tion of gallium and its price, which has an influence on the mineral
resource scarcity results and the GeoPolRisk results as well.

3.3. Geopolitical supply risk indicator as a complement to environmental
LCA

Fig. 4 compares GSR results to global warming (GW) results on an
absolute scale. The results contrast resource-rich countries like China
with resource-dependent nations like France and compare the corre-
sponding potential environmental impact such as the GW indicator. The
GW with varying electricity mix for the respective country. For China,
raw materials used in the production of PV contribute significantly,
accounting for over 50 % of the supply risk, while other countries show
relatively even higher contributions. The supply risk for producing PV
laminates in France is the highest, with contributions coming from raw
materials such as zinc, lead, and copper, in addition to gallium.

The results underscore the fact that China produces over 80 % of the
world’s gallium supply, and its control over several other raw materials
has led to a lower supply risk in producing PV laminates. However, it has
the highest carbon footprint in this production. In contrast, France has
the highest supply risk while maintaining the lowest carbon footprint for
PV laminate production. Despite having a relatively decarbonized en-
ergy production, France’s reliance on raw materials from other countries
potentially increases its supply risk. China serves as the primary exporter
of raw materials used in PV laminates (IEA, 2022). Germany specializes
in silicon PV modules, and the United States produces
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with their respective global warming impact.

semiconductor-grade products. However, their reliance on raw mate-
rials still exposes them to potential supply chain risks. The spatially and
temporally differentiated CFs offer practitioners the flexibility to choose
the most suitable CF for estimating the supply risk of the product and
with this case study, the ease of applicability of the GeoPolRisk method
in LCA is demonstrated.

4. Limitations

The GeoPolRisk method is broadly applicable to the extracted metals
and minerals. However, calculating the CFs has limitations due to data
availability. The same HS code is used for gallium, indium, and rhenium
in CF calculation, aggregating their trade data. Extracting trade data
based on producing countries in this study introduces uncertainty into
CF values. Additionally, CFs for precious metals are calculated at the
refinery level due to a lack of mine-level trade data.

Reliable data availability is crucial for CF computation. Despite
newer data on trade and governance, detailed and disaggregated data-
sets for raw material production are lacking. Previous applications of
GeoPolRisk method used USGS as a primary source, but their datasets
often aggregate minor producers (Cimprich et al., 2017; Helbig et al.,
2016; Koyamparambath et al., 2021; Santillan-Saldivar et al., 2022).
However, with the data changes made in this article, calculation of the
CFs for 46 raw materials were possible. The geopolrisk-py library can
also facilitate the calculation of more CFs and also be used as a
comparative risk assessment tool.

The CFs applied in the case study case study are pragmatic and based
on what is feasible with publicly available data. Although our data offer
an overview of supply risk to the USA, China and France, evaluating the
supply risk of the product system requires the application of CFs specific
to the actual geographic location. This limitation could promote another
area for potential improvement in the database, the accurate attribution
of the geographical location where the activity is conducted to the
corresponding elementary flow.

This study applies CFs based on the assumption that all activities,
except mining, are conducted within a selected country, which often
does not reflect reality. This issue can be addressed by tracing inter-
mediate flows in LCA that contain information about the geographic
location, enabling the computation of material flows in each process.
Current efforts are made to create an automation within the geopolrisk-

py library to associate the computation of CFs based on technosphere
flows by integrating it with an LCA software. Such integration could be
beneficial to be able to estimate the precise supply risk of a product
system considering multiple stages. Moreover, the study acknowledges a
lack of precision in CFs, attributed to the exclusion of raw material
recycling. This limitation is primarily due to data unavailability, as
indicated in the methods section.

When applying the CFs to an LCA database such as ecoinvent there
are other limitations. Mining activities with co-products can introduce
discrepancies in resource impacts. This is mainly because of the issues in
the mass balance introduced by economic allocation in the database.
Discussions regarding the drawbacks of pre-allocated databases
extending to other impacts are already underway (Howard, 2017). The
use of an unallocated database could simplify resource-oriented studies,
at least to some extent.

5. Outlook

The ongoing development of the methodology aims to address the
current limitations highlighted in the GeoPolRisk method. While
applying the CFs to intermediate flows may not follow the conventional
LCA guidelines, it can still be pursued to achieve desired outcomes. In
the context of life cycle criticality assessment, there is ongoing debate
regarding which flow must be considered, with a common agreement
being the necessity to apply the CFs to intermediate flows (Helbig et al.,
2016), as raw material criticality becomes a concern after it enters the
economy. However, this task is not straightforward, especially with the
GeoPolRisk method, whose CFs differ geographically. Ongoing studies
aim to apply CFs to intermediate flows, interpret the results, and analyze
the feasibility of application.

The choice of data source significantly impacts the results of the
GeoPolRisk method and, as mentioned as a limitation, introduces
considerable uncertainty. The next research direction focuses on eval-
uating the uncertainty of the GeoPolRisk method and analyzing the
sensitivity of data choices, as well as the discrepancies arising from
selecting different HS codes.

6. Conclusions

This article presents a modified characterization model for the
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GeoPolRisk method to calculate the Geopolitical Supply Risk. The
Geopolitical Supply Risk Potential is equated to copper, providing a
basis for comparison with other resource and environmental indicators
which aims to quantify "the risk of relative potential accessibility issues
for a product system related to short-term geopolitical and socio-
economic aspects.". This article presents a list of CFs for 46 raw mate-
rials for three countries (the USA, China and France) and an extensive
list of CFs (for all the OECD countries) are provided in the supplemen-
tary material calculated using the geopolrisk-py library. The library also
facilitates the calculation of supply risk of 46 raw materials for more
countries and for different time periods.

The CFs presented in this article reveal the highest values for
precious metals, particularly PGMs, attributed to their high market
prices. PGMs exhibit a high supply risk score due to their concentrated
production and the geopolitical instability of their producing countries.
Specialty metals follow with the next highest CFs. The results highlight
variations in CFs for the same raw material across different time periods
and economic units. This differentiation, both spatially and temporally,
enables a more precise and comparative analysis of the supply risk
associated with the product system.

Despite limitations due to data availability and the background
database used in LCA, the CFs offer a good estimate of the supply risk
potential of raw materials for the product system. To enhance accuracy
and achieve a more precise quantification of supply risk, integrating the
CFs into existing LCA software would be advantageous.

The case study underscores that the GeoPolRisk method provides a
distinctive perspective compared to other resource assessment methods
in LCA. Adopting an "outside-in" perspective, the GSR identifies and
quantifies the supply risk associated with the raw materials used in the
PV laminate, emphasizing significant contributions from materials such
as gallium and copper. Gallium, which is a critical raw material obtained
as a byproduct of bauxite refining, has a high scarcity and geopolitical
supply risk impact. Also, the case study reveals how the GSR impact
assessed by the GeoPolRisk method can complement environmental
indicators such as carbon footprint and facilitate the analysis of burden
shifts. Therefore, with a wide list of CFs provided in the supplementary
material for multiple time period, the GeoPolRisk method stands out as a
valuable tool for evaluating the supply risk of mineral resources in the
context of LCA.

Declaration of generative Al in scientific writing

During the preparation of this work the author(s) used Al in order to
refine the language of the manuscript. After using this tool/service, the
author(s) reviewed and edited the content as needed and take(s) full
responsibility for the content of the publication.

CRediT authorship contribution statement

Anish Koyamparambath: Conceptualization, Data curation, Formal
analysis, Methodology, Software, Visualization, Writing — original draft.
Philippe Loubet: Conceptualization, Formal analysis, Supervision,
Visualization, Validation, Writing — review & editing. Steven B. Young:
Conceptualization, Methodology, Supervision, Validation, Writing —
review & editing. Guido Sonnemann: Conceptualization, Methodol-
ogy, Supervision, Validation, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Resources, Conservation & Recycling 209 (2024) 107801
Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.resconrec.2024.107801.

References

Achzet, B., Helbig, C., 2013. How to evaluate raw material supply risks-an overview.
Resour. Policy 38, 435-447. https://doi.org/10.1016/j.resourpol.2013.06.003.

Bach, V., Berger, M., HenBler, M., Kirchner, M., Leiser, S., Mohr, L., Rother, E.,
Ruhland, K., Schneider, L., Tikana, L., Volkhausen, W., Walachowicz, F.,
Finkbeiner, M., 2016. Integrated method to assess resource efficiency — ESSENZ.

J. Clean. Prod. 137, 118-130. https://doi.org/10.1016/j.jclepro.2016.07.077.

Bachmann, T.M., Hackenhaar, I.C., Horn, R., Charter, M., Gehring, F., Graf, R., Huysveld,
S., Alvarenga, R.A.F., 2021. Critical evaluation of material criticality and product-
related circularity approaches 130.

Berger, M., Sonderegger, T., Alvarenga, R., Bach, V., Cimprich, A., Dewulf, J.,
Frischknecht, R., Guinée, J., Helbig, C., Huppertz, T., Jolliet, O., Motoshita, M.,
Northey, S., Pena, C.A., Rugani, B., Sahnoune, A., Schrijvers, D., Schulze, R.,
Sonnemann, G., Valero, A., Weidema, B.P., Young, S.B., 2020. Mineral resources in
life cycle impact assessment: part II — recommendations on application-dependent
use of existing methods and on future method development needs. Int. J. Life Cycle
Assess. https://doi.org/10.1007/511367-020-01737-5.

Charpentier Poncelet, A., Beylot, A., Loubet, P., Laratte, B., Muller, S., Villeneuve, J.,
Sonnemann, G., 2022. Linkage of impact pathways to cultural perspectives to
account for multiple aspects of mineral resource use in life cycle assessment. Resour.
Conserv. Recycl. 176 https://doi.org/10.1016/].resconrec.2021.105912.

Cimprich, A., Bach, V., Helbig, C., Thorenz, A., Schrijvers, D., Sonnemann, G., Young, S.
B., Sonderegger, T., Berger, M., 2019. Raw material criticality assessment as a
complement to environmental life cycle assessment: examining methods for product-
level supply risk assessment. J. Ind. Ecol. 23, 1226-1236. https://doi.org/10.1111/
jiec.12865.

Cimprich, A., Young, S.B., Helbig, C., Gemechu, E.D., Thorenz, A., Tuma, A.,
Sonnemann, G., 2017. Extension of geopolitical supply risk methodology:
characterization model applied to conventional and electric vehicles. J. Clean. Prod.
162, 754-763. https://doi.org/10.1016/j.jclepro.2017.06.063.

Cox, L.A., 2009. Risk Analysis of Complex and Uncertain Systems (International Series in
Operations Research & Management Science). Springer, p. 444.

Dewulf, J., Benini, L., Mancini, L., Sala, S., Blengini, G.A., Ardente, F., Recchioni, M.,
Maes, J., Pant, R., Pennington, D., 2015. Rethinking the area of protection “natural
resources” in life cycle assessment. Environ. Sci. Technol. 49, 5310-5317. https://
doi.org/10.1021/acs.est.5b00734.

Dimmler, B., Wachter, R., 2007. Manufacturing and application of CIS solar modules.
Thin Solid Films 515, 5973-5978. https://doi.org/10.1016/j.tsf.2006.12.150.

Drielsma, J., Allington, R., Brady, T., Guinée, J., Hammarstrom, J., Hummen, T., Russell-
Vaccari, A., Schneider, L., Sonnemann, G., Weihed, P., 2016. Abiotic raw-materials
in life cycle impact assessments: an emerging consensus across disciplines. Resources
5, 12. https://doi.org/10.3390/resources5010012.

Drielsma, J.A., Russell-Vaccari, A.J., Drnek, T., Brady, T., Weihed, P., Mistry, M.,
Simbor, L.P., 2016. Mineral resources in life cycle impact assessment—defining the
path forward. Int. J. Life Cycle Assess. 21, 85-105. https://doi.org/10.1007/s11367-
015-0991-7.

Eldada, L., 2011. Thin film CIGS photovoltaic modules: monolithic integration and
advanced packaging for high performance, high reliability and low cost.
Optoelectron. Integr. Circuits XIII 7942, 79420F. https://doi.org/10.1117/
12.877119.

European Commission, 2018. Towards recycling indicators based on EU flows and raw
materials system analysis data supporting the EU-28. https://doi.org/10.27
60/092885.

Finnveden, G., Hauschild, M.Z., Ekvall, T., Guinée, J., Heijungs, R., Hellweg, S.,
Koehler, A., Pennington, D., Suh, S., 2009. Recent developments in Life Cycle
Assessment. J. Environ. Manage. 91, 1-21. https://doi.org/10.1016/j.
jenvman.2009.06.018.

FMRA, 2023. Federal ministry republic of Austria [WWW Document]. URL https://www.
bmf.gv.at/en.html (accessed 5.5.23).

Gemechu, E.D., Helbig, C., Sonnemann, G., Thorenz, A., Tuma, A., 2015. Import-based
indicator for the geopolitical supply risk of raw materials in life cycle sustainability
assessments. J. Ind. Ecol. 20, 154-165. https://doi.org/10.1111/jiec.12279.

Graedel, T.E., Barr, R., Chandler, C., Chase, T., Choi, J., Christoffersen, L.,

Friedlander, E., Henly, C., Jun, C., Nassar, N.T., Schechner, D., Warren, S., Yang, M.
Y., Zhu, C., 2012. Methodology of metal criticality determination. Environ. Sci.
Technol. 46, 1063-1070. https://doi.org/10.1021/es203534z.

Graedel, T.E., Harper, E.M., Nassar, N.T., Nuss, P., Reck, B.K., Turner, B.L., 2015.
Criticality of metals and metalloids. Proc. Natl. Acad. Sci. U. S. A. 112, 4257-4262.
https://doi.org/10.1073/pnas.1500415112.

Guinée, J., Heijungs, R., Huppes, G., Zamagni, A., Masoni, P., Buonamici, R., Ekvall, T,
Rydberg, T., 2011. Life cycle assessment: past, present, and future. Routledge Handb.
Tour. Sustain. 45, 209-220.

Hackenhaar, I., Alvarenga, R.A.F., Bachmann, T.M., Riva, F., Horn, R., Graf, R.,
Dewulf, J., 2022. A critical review of criticality methods for a European Life Cycle
Sustainability Assessment. Procedia CIRP 105, 428-433. https://doi.org/10.1016/j.
procir.2022.02.071.

Hackenhaar, I.C., Moraga, G., Thomassen, G., Taelman, S.E., Dewulf, J., Bachmann, T.M.,
2024. A comprehensive framework covering Life Cycle Sustainability Assessment,


https://doi.org/10.1016/j.resconrec.2024.107801
https://doi.org/10.1016/j.resourpol.2013.06.003
https://doi.org/10.1016/j.jclepro.2016.07.077
https://doi.org/10.1007/s11367-020-01737-5
https://doi.org/10.1016/j.resconrec.2021.105912
https://doi.org/10.1111/jiec.12865
https://doi.org/10.1111/jiec.12865
https://doi.org/10.1016/j.jclepro.2017.06.063
http://refhub.elsevier.com/S0921-3449(24)00395-1/sbref0008
http://refhub.elsevier.com/S0921-3449(24)00395-1/sbref0008
https://doi.org/10.1021/acs.est.5b00734
https://doi.org/10.1021/acs.est.5b00734
https://doi.org/10.1016/j.tsf.2006.12.150
https://doi.org/10.3390/resources5010012
https://doi.org/10.1007/s11367-015-0991-7
https://doi.org/10.1007/s11367-015-0991-7
https://doi.org/10.1117/12.877119
https://doi.org/10.1117/12.877119
http://doi.org/10.2760/092885
http://doi.org/10.2760/092885
https://doi.org/10.1016/j.jenvman.2009.06.018
https://doi.org/10.1016/j.jenvman.2009.06.018
https://www.bmf.gv.at/en.html
https://www.bmf.gv.at/en.html
https://doi.org/10.1111/jiec.12279
https://doi.org/10.1021/es203534z
https://doi.org/10.1073/pnas.1500415112
http://refhub.elsevier.com/S0921-3449(24)00395-1/sbref0020
http://refhub.elsevier.com/S0921-3449(24)00395-1/sbref0020
http://refhub.elsevier.com/S0921-3449(24)00395-1/sbref0020
https://doi.org/10.1016/j.procir.2022.02.071
https://doi.org/10.1016/j.procir.2022.02.071

A. Koyamparambath et al.

resource circularity and criticality. Sustain. Prod. Consum. 45, 509-524. https://doi.
0rg/10.1016/j.spc.2024.01.018.

Harpprecht, C., Miranda Xicotencatl, B., van Nielen, S., van der Meide, M., Li, C., Li, Z.,
Tukker, A., Steubing, B., 2024. Future environmental impacts of metals: a systematic
review of impact trends, modelling approaches, and challenges. Resour. Conserv.
Recycl. 205. https://doi.org/10.1016/j.resconrec.2024.107572 under review.

Helbig, C., Gemechu, E.D., Pillain, B., Young, S.B., Thorenz, A., Tuma, A.,

Sonnemann, G., 2016. Extending the geopolitical supply risk indicator: application
of life cycle sustainability assessment to the petrochemical supply chain of
polyacrylonitrile-based carbon fibers. J. Clean. Prod. 137, 1170-1178. https://doi.
0rg/10.1016/j.jclepro.2016.07.214.

Howard, N., 2017. Environmental assessment & rating - have we lost the plot? Procedia
Eng. 180, 640-650. https://doi.org/10.1016/j.proeng.2017.04.223.

Huijbregts, M.A.J., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, M.,
Zijp, M., Hollander, A., van Zelm, R., 2017. ReCiPe2016: a harmonised life cycle
impact assessment method at midpoint and endpoint level. Int. J. Life Cycle Assess.
22, 138-147. https://doi.org/10.1007/511367-016-1246-y.

1EA, 2023. World Energy Outlook.

IEA, 2022. Special report on solar PV global supply chains. Spec. Rep. Sol. PV Glob.
Supply Chain. https://doi.org/10.1787/9e8b0121-en.

IEA, 2021. The Role of Critical Minerals in Clean Energy Transitions. International
Energy Agency.

IPCC, 2013. Climate change 2013: the physical science basis. contribution of working
group I to the Fifth assessment report of the intergovernmental panel on climate
change. https://doi.org/10.1007/978-3-030-88654-7_40.

IRENA, 2024. Geopolitics of the Energy transition: Energy security. International
Renewable Energy Agency, Abu Dhabi. https://doi.org/10.1007/s11442-023-2101-
2.

K.EK, V., Nadeem, S.P., Ravichandran, M., Ethirajan, M., Kandasamy, J., 2022.
Resilience strategies to recover from the cascading ripple effect in a copper supply
chain through project management. Oper. Manag. Res. 440-460. https://doi.org/
10.1007/512063-021-00231-x.

Kaufmann, D., Kraay, A., Mastruzzi, M., 2010. The worldwide governance indicators:
methodology and analytical issues. Hague J. Rule Law 3, 220-246. https://doi.org/
10.1017/51876404511200046.

Koyamparambath, A., Santillan-Saldivar, J., Mclellan, B., Sonnemann, G., 2021. Supply
risk evolution of raw materials for batteries and fossil fuels for selected OECD
countries (2000 -2018). Resour. Policy 75. https://doi.org/10.1016/j.
resourpol.2021.102465.

McCullough, E., Nassar, N.T., 2017. Assessment of critical minerals: updated application
of an early-warning screening methodology. Miner. Econ. 30, 257-272. https://doi.
org/10.1007/s13563-017-0119-6.

Koyamparambath, A., Santillan-Saldivar, J., Young, S.B., Sonnemann, G., 2023. A python
library to calculate the GeoPolRisk method - “geopolrisk.py” [WWW Document].
GitHub. URL https://github.com/akoyamp/geopolrisk-py (accessed 1.23.24).

National Research Council, 2008. Minerals, critical minerals, and the U.S. economy -
Report in brief.

Reuters, 2023. China exported no germanium, gallium in August after export curbs
[WWW Document]. URL https://www.reuters.com/world/china/china-expor
ted-no-germanium-gallium-aug-due-export-curbs-2023-09-20/(accessed 11.3.23).

Santillan-Saldivar, J., Cimprich, A., Shaikh, N., Laratte, B., Young, S.B., Sonnemann, G.,
2021a. How recycling mitigates supply risks of critical raw materials: extension of
the geopolitical supply risk methodology applied to information and communication
technologies in the European Union. Resour. Conserv. Recycl. 164, 105108 https://
doi.org/10.1016/j.resconrec.2020.105108.

Resources, Conservation & Recycling 209 (2024) 107801

Santillan-Saldivar, J., Gaugler, T., Helbig, C., Rathgeber, A., Sonnemann, G., Thorenz, A.,
Tuma, A., 2021b. Design of an endpoint indicator for mineral resource supply risks
in life cycle sustainability assessment: the case of Li-ion batteries. J. Ind. Ecol. 25,
1051-1062. https://doi.org/10.1111/jiec.13094.

Santillan-Saldivar, J., Gemechu, E., Muller, S., Villeneuve, J., Young, S.B.,

Sonnemann, G., 2022. An improved resource midpoint characterization method for
supply risk of resources: integrated assessment of Li-ion batteries. Int. J. Life Cycle
Assess. 27, 457-468. https://doi.org/10.1007/s11367-022-02027-y.

Schrijvers, D., Hool, A., Blengini, G.A., Chen, W.Q., Dewulf, J., Eggert, R., van Ellen, L.,
Gauss, R., Goddin, J., Habib, K., Hageliiken, C., Hirohata, A., Hofmann-
Amtenbrink, M., Kosmol, J., Le Gleuher, M., Grohol, M., Ku, A., Lee, M.H., Liu, G.,
Nansai, K., Nuss, P., Peck, D., Reller, A., Sonnemann, G., Tercero, L., Thorenz, A.,
Wager, P.A., 2020. A review of methods and data to determine raw material
criticality. Resour. Conserv. Recycl. 155, 104617 https://doi.org/10.1016/j.
resconrec.2019.104617.

Siddhantakar, A., Santillan-Saldivar, J., Kippes, T., Sonnemann, G., Reller, A., Young, S.
B., 2023. Helium resource global supply and demand: geopolitical supply risk
analysis. Resour. Conserv. Recycl. 193, 106935 https://doi.org/10.1016/j.
resconrec.2023.106935.

Sonderegger, T., Berger, M., Alvarenga, R., Bach, V., Cimprich, A., Dewulf, J.,
Frischknecht, R., Guinée, J., Helbig, C., Huppertz, T., Jolliet, O., Motoshita, M.,
Northey, S., Rugani, B., Schrijvers, D., Schulze, R., Sonnemann, G., Valero, A.,
Weidema, B.P., Young, S.B., 2020. Mineral resources in life cycle impact
assessment—Part I: a critical review of existing methods. Int. J. Life Cycle Assess.
https://doi.org/10.1007/5s11367-020-01736-6.

Sonnemann, G., Gemechu, E.D., Adibi, N., De Bruille, V., Bulle, C., 2015. From a critical
review to a conceptual framework for integrating the criticality of resources into Life
Cycle Sustainability Assessment. J. Clean. Prod. 94, 20-34. https://doi.org/
10.1016/j.jclepro.2015.01.082.

Udo de Haes, H., Lindeijer, E., 2002. Life-Cycle Impact Assessment: a conceptual
framework, key issues and summary of existing methods. Rep. EPA-452/R-95-002.

UNEP, 2011. Towards life cycle sustainability assessment: making informed choices on
products, United Nations Environmental Program. https://doi.org/DTI/1412/PA.

United Nations, 2023. UN comtrade [WWW Document].

USGS, 2023a. USGS Minerals Commodity Statistics and Information [WWW Document].
U.S. Geol. Surv. URL https://www.usgs.gov/centers/nmic/commodity-statistics-an
d-information.

USGS, 2023b. Minerals commodities summaries - Niobium.

USGS, 2022. 2019 Minerals Yearbook - China.

Valenta, R.K., Kemp, D., Owen, J.R., Corder, G.D., Lébre, 2019. Re-thinking complex
orebodies: consequences for the future world supply of copper. J. Clean. Prod. 220,
816-826. https://doi.org/10.1016/j.jclepro.2019.02.146.

van Oers, L., de Koning, A., Guinée, J.B., Huppes, G., 2002. Abiotic resource depletion in
LCA - As an illustrative the extraction rates of 14 minerals were compared to their
stocks in the natural environment (thus excluding stocks in the economy). Mineral
stocks were here defined in three different ways: 75.

van Oers, L., Guinée, J., 2016. The abiotic depletion potential: background, updates, and
future. Resources 5. https://doi.org/10.3390/resources5010016.

Vieira, M.D.M., Ponsioen, T.C., Goedkoop, M.J., Huijbregts, M.A.J., 2017. Surplus ore
potential as a scarcity indicator for resource extraction. J. Ind. Ecol. 21, 381-390.
https://doi.org/10.1111/jiec.12444.

Watari, T., Northey, S., Giurco, D., Hata, S., Yokoi, R., Nansai, K., Nakajima, K., 2022.
Global copper cycles and greenhouse gas emissions in a 1.5°C world. Resour.
Conserv. Recycl. 179, 106118 https://doi.org/10.1016/j.resconrec.2021.106118.


https://doi.org/10.1016/j.spc.2024.01.018
https://doi.org/10.1016/j.spc.2024.01.018
https://doi.org/10.1016/j.resconrec.2024.107572
https://doi.org/10.1016/j.jclepro.2016.07.214
https://doi.org/10.1016/j.jclepro.2016.07.214
https://doi.org/10.1016/j.proeng.2017.04.223
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1787/9e8b0121-en
http://refhub.elsevier.com/S0921-3449(24)00395-1/sbref0029
http://refhub.elsevier.com/S0921-3449(24)00395-1/sbref0029
http://doi.org/10.1007/978-3-030-88654-7_40
https://doi.org/10.1007/s11442-023-2101-2
https://doi.org/10.1007/s11442-023-2101-2
https://doi.org/10.1007/s12063-021-00231-x
https://doi.org/10.1007/s12063-021-00231-x
https://doi.org/10.1017/S1876404511200046
https://doi.org/10.1017/S1876404511200046
https://doi.org/10.1016/j.resourpol.2021.102465
https://doi.org/10.1016/j.resourpol.2021.102465
https://doi.org/10.1007/s13563-017-0119-6
https://doi.org/10.1007/s13563-017-0119-6
https://github.com/akoyamp/geopolrisk-py
https://www.reuters.com/world/china/china-exported-no-germanium-gallium-aug-due-export-curbs-2023-09-20/
https://www.reuters.com/world/china/china-exported-no-germanium-gallium-aug-due-export-curbs-2023-09-20/
https://doi.org/10.1016/j.resconrec.2020.105108
https://doi.org/10.1016/j.resconrec.2020.105108
https://doi.org/10.1111/jiec.13094
https://doi.org/10.1007/s11367-022-02027-y
https://doi.org/10.1016/j.resconrec.2019.104617
https://doi.org/10.1016/j.resconrec.2019.104617
https://doi.org/10.1016/j.resconrec.2023.106935
https://doi.org/10.1016/j.resconrec.2023.106935
https://doi.org/10.1007/s11367-020-01736-6
https://doi.org/10.1016/j.jclepro.2015.01.082
https://doi.org/10.1016/j.jclepro.2015.01.082
https://www.usgs.gov/centers/nmic/commodity-statistics-and-information
https://www.usgs.gov/centers/nmic/commodity-statistics-and-information
https://doi.org/10.1016/j.jclepro.2019.02.146
https://doi.org/10.3390/resources5010016
https://doi.org/10.1111/jiec.12444
https://doi.org/10.1016/j.resconrec.2021.106118

	Spatially and temporally differentiated characterization factors for supply risk of abiotic resources in life cycle assessment
	1 Introduction
	2 Materials and methods
	2.1 The GeoPolRisk characterization model
	2.2 Data to calculate the geopolitical supply risk potential
	2.3 Application of the geopolitical supply risk potential

	3 Results and discussions
	3.1 Geopolitical supply risk potential - The CFs for the geopolitical supply risk
	3.2 Results: the geopolitical supply risk of PV laminate production
	3.3 Geopolitical supply risk indicator as a complement to environmental LCA

	4 Limitations
	5 Outlook
	6 Conclusions
	Declaration of generative AI in scientific writing
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Supplementary materials
	References


