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The transition to low-carbon energy systems will increase demand for a range of critical minerals and metals. As
a result, several quantitative demand models have been developed to help understand the projected scale of
growth and if, and to what extent, material shortages may become an obstacle to the deployment of clean energy
technologies. This research presents one of the first comparative reviews of mineral demand estimates for clean

energy technologies and provides a meta-analysis of assumptions, model parameters, and key results. Drawing
from academic and gray literature to highlight the variability of mineral demand estimates, we conclude that
mineral demand models should be interrogated more critically, and more attention should be paid to recycling
industries, creating a more sustainable mining industry, and creating more material-efficient energy

technologies.

1. Introduction

The transition to a low-carbon energy system has the potential to
deliver transformative benefits to society and the environment. A few
renewable energy technologies, including solar photovoltaics (PVs),
wind turbines, and lithium-ion batteries, have become central to the
energy transition. All of these technologies require “critical minerals” or
“critical materials”, which are defined as being essential to economic or
national security with supply chains vulnerable to disruptions [1,2-5].
As a result, ensuring that the world produces enough materials to build
renewable technologies is now a major focus for companies, govern-
ments, academics, and other interest groups [1.6-9].

Over the last several decades, researchers have investigated the po-
tential for critical mineral supply shortages and the effects that sudden,
unmanageable increases in demand could have on the adoption of
renewable technologies [10,11-22]. These investigations often resulted
in mineral demand estimates, which are models that estimate how much
minerals and metals the world, or specific countries, might need to build
renewable technologies under different energy scenarios [23,24,17,25].
The results of these models have shown that demand for critical minerals
can grow to exceed known reserves, and that supply shortages can act as
“bottlenecks™ that delay the adoption of renewable energy technologies
[16-18]. Because of this, critical mineral demand models are often used
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to justify and drive national and international policy, as critical minerals
and metals can be considered analogous to oil in that they are intrinsi-
cally tied to energy security [10]. Mineral demand models provide in-
sights into the challenges different countries might face with supply
chains, or how geopolitics might shift to reflect the growing importance
and demand for specific minerals or metals [26]. Many governments
look to mineral demand models to inform national strategies and pol-
icies related to critical mineral supply chains [6,1,27].

Despite mineral demand estimates underwriting many of the con-
cerns associated with critical mineral shortages, they are not well
studied [6,1,27-29]. This research identified over 150 demand models
examining material requirements for clean energy technologies but was
not able to identify a comparative assessment or breakdown of the
models themselves. Liang et al. (2022) comprehensively reviewed the
material intensities (e.g., how much steel is needed to build one electric
vehicle) used by different models but did not examine the mineral de-
mand estimates themselves [29]. Watari et al. (2020) provided the first
systematic review of mineral demand research but included studies that
predicted demand from construction and unrelated activities, did not
include gray literature such as the International Energy Agency’s (IEA)
report on critical mineral demand, and compared demand studies that
had different objectives or scales (e.g., directly comparing US offshore
wind material requirements to global material requirements from all
renewable technologies) [28].

Received 16 April 2023; Received in revised form 27 September 2023; Accepted 17 October 2023

Available online 31 October 2023
1364-0321/Published by Elsevier Ltd.


mailto:jorlee@mines.edu
www.sciencedirect.com/science/journal/13640321
https://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2023.113938
https://doi.org/10.1016/j.rser.2023.113938
https://doi.org/10.1016/j.rser.2023.113938
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2023.113938&domain=pdf

J.L. Calderon et al.

Abbreviations:

EV Electric Vehicle
PV photovoltaic
Kg kilogram

GDP gross domestic product

Twh tera-watt hour

IEA International Energy Agency
CdTe Cadmium Telluride

Mw megawatt

WOS Web of Science

NGO Non-governmental Organization

EV Electric Vehicle

NMC Nickel-Manganese—Cobalt
NCA nickel-cobalt-aluminum-oxide
LFP lithium-iron-phosphate

Kt kiloton

This research takes a step towards advancing our understanding of
future mineral demand by providing a meta-analysis of critical mineral
demand models for renewable technologies to compare general trends,
underlying assumptions, agreements, disagreements, and the evolution
of demand estimates over the last decade. We argue that existing min-
eral demand estimates are inherently limited and that future modeling
and policy efforts should focus on comparative assessments, the effects
of recycling industries, an adaptive mining industry, and the material-
efficiencies of energy technologies (e.g., how can material re-
quirements be reduced), as they are some of the most important vari-
ables affecting mineral demand.

2. How mineral demand models are made

Mineral demand models are largely based on the ability to predict
the deployment of clean energy technologies and then calculate the
materials needed to build those technologies. As a result, mineral de-
mand models are generally created by considering four primary aspects,
as well as a subset of secondary considerations that act as modifiers.
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These four aspects include: (1) Future Renewable Energy Deployment;
(2) Current and Future Renewable Sub-Technologies; (3) Material In-
tensities of Sub-Technologies; and (4) Dynamic Model Variables.

2.1. Future Renewable Energy Deployment

To calculate the materials required to build future renewable energy
technologies, it is necessary to begin with an estimate of how much
energy will be needed at some determined time in the future (energy
scenario) and how different technologies will work together to supply
the energy (energy mix) [23]. Fig. 1 shows how there are several
established energy scenarios that predict how much energy will be
needed in 2050 and what mix of technologies will likely provide that
energy. One such energy scenario is the IEA’s Sustainable Development
Scenario (IEA SDS), which describes how much renewable energy would
be needed to reach the United Nation’s energy goals and the goals of the
Paris Agreement (Fig. 1) [23]. This scenario is noticeably different that
the IEA’s Net Zero Emissions (IEA NZE) which shows the energy mix
required for the world to achieve net zero CO2 emissions by 2050
(Fig. 1) [23]. Groups like International Renewable Energy Agency
(IRENA) have also created scenarios such as the Planned Energy Sce-
nario (IRENA PES), which is based on many governments’ current en-
ergy plans and other stated policies [20]. Furthermore, oil and gas
companies (Shell, Equinor) and other groups have created future energy
scenarios and predicted energy mixes based on their own un-
derstandings of energy and fossil fuels [31] (Fig. 1). Some mineral de-
mand models base their assumptions about future energy requirements
on economic indicators, such as population growth, and chose not to
rely on the established scenarios such as those shown in Fig. 1 [18,32,31,
33,34]. There are also energy scenarios for battery storage technologies
(e.g., lithium-ion batteries), which are related to broader renewable
energy demand but are also tied to electric vehicle deployment, such as
the IEA’s Global EV Outlook, or Bloomberg’s Electric Vehicle Outlook
[35,36]. Once mineral demand modelers understand future energy re-
quirements, they can begin researching the technologies and materials
needed to meet those requirements.

2.2, Current and Future Renewable Sub-technologies

After selecting an energy scenario and energy mix, mineral demand
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Fig. 1. Global energy demand and energy mix scenarios, Terawatt hours (TWh), (Global Energy Outlook, Resources for the Future, 2022) [37].
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modelers must identify which specific sub-technologies will produce the
actual energy before calculating material requirements. For example, if
an energy scenario and energy mix assume that 20,000 TW h of energy
comes from wind in 2050, then the modeler must make assumptions
about the future use of offshore wind turbines versus onshore wind
turbines since they are both forms of wind energy. The modeler’s as-
sumptions about sub-technologies are usually based on what is currently
popular, or what the latest research says about emerging technologies.
For example, for solar energy, modelers might make the assumption that
crystalline silicon solar cells will remain the dominant technology over
Cadmium Telluride (CdTe) solar cells, which currently only represent 5
% of the world market [38]. Or due to CdTe solar cells being low-cost, a
mineral demand modeler might assume they become the dominant
technology in the future. Fig. 2 shows how the IEA predicts that crys-
talline silicon solar cells will remain the dominant solar technology
though 2040 — although there are alternative scenarios where CdTe
solar cells comprise a significant market share [23]. Since many of these
sub-technologies require different materials, the choices modelers make
about the popularity and use of sub-technologies can greatly affect the
results of mineral demand models.

2.3. Material Intensities of Sub-technologies

Once sub-technologies have been selected by modelers, it is neces-
sary to research what specific materials are needed to build each sub-
technology. This is often referred to as material intensity, and it is
how modelers translate energy scenarios into demand estimates for
critical minerals and metals. The material requirements for different
energy sub-technologies can be described as kilograms of material per
megawatt of energy that a technology produces (kg/MW). Fig. 4 shows
the tons/MW and kg/MW of different metals required for wind turbines
according to Elshkaki and Graedel (2013) and the World Bank (2017).
Many energy sub-technologies will have similar material requirements
as shown in Fig. 3, but they can also have unique requirements. For
example, offshore wind turbines use direct drive generators which use
more copper than onshore geared turbines and also require neodymium,
and dysprosium [39].

Different data sources can be used to identify material requirements,
and they are often based on life cycle assessments or published academic
research. Modelers may also do their own independent research to
identify the material intensities of different renewable sub-technologies.
Where modelers get their data from and what assumptions they make
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about material requirements can greatly affect mineral demand esti-
mates [10]. For example, Fig. 3 shows how Elshkaki and Graedel (2013)
used a combination of academic publications and literature from the
Department of Energy and the Nickel Institute to estimate the tons of
materials needed to produce 1 MW (MW) of energy from offshore and
onshore wind turbines. Conversely, the World Bank (2017) used
different sources and came up with different materials requirements to
also create 1 MW of energy from wind turbines [41]. According to the
World Bank, chromium and molybdenum are also important material
considerations, while they are not listed by Elshkaki and Graedel (2013).
Conversely, the World Bank listed .8 kgs of boron as a material
requirement whole leaving aluminum requirements unknown — which
according to Elshkaki and Graedel (2013) is roughly 370 kg/MW. Fig. 3
shows how material intensities can be very different across studies and
that wind turbines might require one, two, three, or ten tons of copper
depending on what sources are used and what different modelers
prioritize.

2.4. Dynamic Model Variables and comparing models

While mineral demand models for renewable technologies can be
generally developed using assumptions about energy, technologies, and
material requirements, many models also take into consideration dy-
namic variables — or variables that can change over time. This includes
how material requirements can change through recycling, how different
technologies can become more efficient (same energy for less materials),
the changing policies of industries and governments (China has adopted
certain types of batteries), different regional needs (solar installations
are cheaper in certain regions), and global economic trends [10,35].
There are ultimately numerous dynamic variables that can be integrated
into mineral demand models, since there are numerous variables that
are constantly affecting mining, recyeling, renewable technologies, and
future energy use.

Not all models are created in the same way, and with a wide range of
assumptions and dynamic variables constantly being updated, mineral
demand models are published with vastly different results. However,
this research could not identify any studies that examined how mineral
demand models are developing in response to new data or how as-
sumptions about dynamic variables are affecting mineral demand esti-
mates. For example, Fig. 4 shows how IEA energy predictions need to be
consistently corrected because they are underestimating how quickly
renewable energy technologies will be adopted. It is not clear if any
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Fig. 2. Share of annual capacity additions by PV technologies under different technology evolution scenarios (The Role of Critical Minerals in Clean Energy

Transitions, IEA, 2021) [23].
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Metals used in Wind Turbines by Elshkaki and Graedel (2013) | | Metals used in Wind Turbines by the World Bank (2017)

Metals Onshore (ton/MW) Source

Steel 132.0 1320 Garcia-Olivares etal., 2012
Aluminium 037 0.37 Garcia-Olivares etal., 2012
Copper 20 10.0 | Garcia-Olivares etal., 2012
Nickel 0m 0.1m Nickel Institute

Lead 0 6.72 Schleisner, 2000
Neodymium 0 0.124 Us DOE, 2010
Dysprosium 0 0.022 Us DOE, 2010

Aluminum (Al)

Unknawn h {Mo)

116-136
Boron (B) 0.8-7.0 Neodymium {Nd) 0-186
Chromium (Cr) 789-302
Copper (Cu) 1,140-3,000 (| Nickel (Ni) 557-663
Dysprosium (Dy) 28-250 Praseodymium (Pr) 4-35
Iron {in magnet) 52-455 Steel 103,000-115,000
Terbium (Th) l 0.8-7.0
Iron (cast) 20,000-23,900 || -
Lead (Pb) Unknown || Zinc (Zn) 5,150-5,750
Manganese (Mn) 32.5-80.5

Fig. 3. The amount of metals used in wind turbines as proposed by Elshkaki and Graedel (2013) and the World Bank (2017) [40], [41].
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Fig. 4. Projected shares of renewables electricity generation (excluding hydro-electric power) modified from Quiggin (2019) [42].

mineral demand estimates have taken this into account or how they
compare with studies that assume global energy predictions are correct.
It is also unclear if older studies are inherently less accurate since they
rely on older assumptions, or which older studies have proven to be most
accurate and why. Ultimately, due to a lack of comparisons, there are
many unanswered questions about what exactly mineral demand esti-
mates are describing, how real-world changes can affect future demand,
and how the different variables and assumptions used by mineral de-
mand models can be effectively used to navigate the energy transition.

3. Research methods

To compare mineral demand models, this research began with a
systematic review of academic literature. Peer-reviewed publications
were identified through Web of Science queries using keywords
including “energy transition”, “low-carbon”, “renewable energy”, “de-
mand”, “material flow analysis”, “scenario”, “availability”, and
“outlook”. We also used material-related search terms including “crit-
ical”, “mineral”, “metal”, “material”, “metal demand”, “metal con-
straints”, “bottleneck”, *“metal requirements”, “mineral demand”,
“mineral requirements”, as well as renewable energy terms including:

“wind”, “solar”, “electricity”, “renewable”, *“electricity”, “electric
vehicle”, and “batteries”. This search resulted in over 2500 identified
publications from a wide range of research areas. These articles were
then sereened with the following selection criteria to ensure compara-
bility between studies: the paper needed to be focused on a renewable
energy-driven scenario; the paper looked at material demand on a global
scale; and the paper predicted future mineral and metal demand.

This review was expanded on by including relevant gray literature
due to the importance of studies by government and non-governmental
organizations, such as the International Energy Agency (IEA) (2021) and
the World Bank (2020) [23], [24]. These studies were subjected to the
same screening criteria as the peer-reviewed publications. If publica-
tions with multiple iterations were found, the latest publications were
included. This screening resulted in 38 publications that were relevant
to this study, as shown in Table 1.

From these 38 publications, data for 25 elements were extracted and
consolidated (Fig. 5). Iron, steel, and aluminum were excluded from the
dataset due to their broader role in industrial processes, as well as
minerals that were examined by less than three studies. All other min-
erals that were identified in papers were included in the dataset.

Numerous publications were identified during this review that
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Table 1

Literature Review Results [23,15-18,32,43-48,39,40,49-71].
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Table 1 (continued)

Author

Publication Date
(month - year)

Publication

Author Publication Date Publication

(month - year)

McNulty (2022)

Sokhna Seck (2022)

Klimenko (2021)

German Mineral
Resources Agency
(DERA) (2021)

IEA (2021)

Xu (2020)

Junne (2020)

Greim (2020)

Zhou (2020)

World Bank (2020)

TNO (2019)

Watari (2019a)

Ambrose (2019)

Watari (2019b)

Hache (2019)

Institute for
Sustainable Futures
(2019)

Valero (2018b)

Minberger (2018)

Ziemann (2018)

Weil (2018)

de Koning (2018)

Harvey (2018)

Zhou (2017)

Oct-22

Mar-22

Jul-21

Jul-21

May-21
Dec-20

Nov-20

Sep-20

Aug-20

May-20

Nov-19

Oct-19

Oct-19

May-19

Apr-19

Jan-19

Oct-18

Aug-18

Feb-18

Feb-18

Feb-18

Dec-17

Oct-17

Byproduct critical metal supply and
demand and implications for the
energy transition: A case study of
tellurium supply and CdTe PV
demand

Potential bottleneck in the energy
transition: The case of cobalt in an
accelerating electro-mobility world
Constraints imposed by key-
material resources on renewable
energy development

Raw materials for emerging
technologies 2021

The Role of Critical Minerals in
Clean Energy Transitions

Future material demand for
automotive lithium-based batteries
Critical materials in global low-
carbon energy scenarios: The case
for neodymium, dysprosium,
lithium, and cobalt.

Assessment of Lithium Criticality in
the Global Energy Transition and
Addressing Policy Gaps in
Transportation

Dynamic criticality of by-products
used in thin-film photovoltaic
technologies by 2050

Minerals for Climate Action: The
Mineral Intensity of the Clean
Energy Transition

Global energy transition and metal
demand - An introduction and
circular economy perspectives
Integrating Circular Economy
Strategies with Low-Carbon
Scenarios: Lithium Use in Electric
Vehicles

Understanding the Future of
Lithium (Part 1) (There is a part 2
that has LCA)

Total Material Requirement for the
Global Energy Transition to 2050: A
focus on transport and electricity
Critical raw materials and
transportation sector electrification:
A detailed bottom-up analysis in
world transport

Responsible Minerals Sourcing for
Renewable Energy

Material bottlenecks in the future
development of green technologies
Global metal flows in the renewable
energy transition: Exploring the
effects of substitutes, technological
mix and development

Modeling the potential impact of
lithium recycling from EV batteries
on lithium demand: A dynamic MFA
approach

The Issue of Metal Resources in Li-
Ion Batteries for Electric Vehicles
Metal supply constraints for a low-
carbon economy?

Resource implications of alternative
strategies for achieving zero

greenh gas emissions from
light-duty vehicles by 2060

Global Potential of Rare Earth
Resources and Rare Earth Demand
from Clean Technologies

Davidsson (2017) Sep-17 Material requirements and
availability for multi-terawatt
deployment of photovoltaics
Modeling global extraction, supply,
price and depletion of the
extractable geological resources
with the LITHIUM model

System Dynamics Modeling of
Indium Material Flows under Wide
Deployment of Clean Energy
Technologies

Critical Minerals and
Energy-Impacts and Limitations of
Moving to Unconventional

Sverdrup (2016) Nov-16

Hun Choi (2016) Nov-16

McLellan (2016) May-16

Resources

Solar cell metals and their hosts: A
tale of oversupply and undersupply
Is there a resource constraint related
to lithium ion batteries in cars?
Linking energy scenarios with metal
demand modeling-The case of
indium in CIGS solar cells
Exploring rare earths supply
constraints for the emerging clean
energy

Elshkaki (2015) Aug-15

Albach/Pehlken (2015)  Jul-15

Stamp (2014) Dec-14

Habib (2014) Dec-14

Bustamante (2014) Jun-14 Challenges in assessment of clean
energy supply-chains based on
byproduct minerals: A case study of
tellurium use in thin film
photovoltaics

Critical materials for the transition
to a 100 % sustainable energy future
contents

Dynamic analysis of the global
metals flows and stocks in electricity

generation technologies

World Wide Fund for
Nature (2014)

Jan-14

Elshkaki (2013) Nov-13

Hoenderdaal (2013) Jan-13 Can a dysprosium shortage threaten
green energy technologies?

Mohr (2012) Mar-12 Lithium Resources and Production:
Critical Assessment and Global
Projections

The time dimension and lithium
resource constraints for electric
vehicles

Considerations of resource
availability in technology
development strategies: The case

study of photovoltaics

Kushnir (2012) Jan-12

Zuser (2011) Oct-11

examined growing demand for minerals and metals from global indus-
trialization and other non-energy-related activities. While these studies
were used as references, many were not implicitly comparable to studies
that focused solely on mineral demand from renewable technologies and
were thus excluded from this analysis. Publications were also excluded
that predicted mineral demand for renewable technologies for specific
regions or nations, as they often differed in order of magnitude and
could not be compared to global estimates. Notably, this included
numerous publications on China’s future demand and reports prepared
by the European Commission that were specific to European countries
[72-82].

Publications were included that focused on future mineral demand
and which predicted demand for more than ten years from their publi-
cation date to ensure comparability and accuracy. Studies that did not
predict future demand were not included. Qualitative discussions of
future mineral demand or publications where mineral demand did not
serve as a primary focus were not included [10,53].

The data that was extracted from publications focused on the mineral
and metal demands of renewable technologies. In many publications,
the exact data for mineral demand estimates were not always provided
in the publications, and therefore, many data points used in this analysis



J.L. Calderon et al. R ble and Si inable Energy Revi 189 (2024) 113938
H He
— g [ AkaliMesal [ Non-Metal : :
Be AlkalineEarth Basic Metal N F Ne
e O Transition Metal O Lanthanide - -

[ Halgen
[ Semi-Metal

Na|Mg

Ca

O Actinide
] NobleGas

[ Ea
1
r ol [ o8 i

Ar
: }Fr

Rb| st [ Y| zr [No |8 Tc [Ru[ i e

cs|Ba " | i@ W e [0s i_r' ul H| T1 BB Bi [ Po At Rr

Fr|Ra| | Rr|Db|'sg [Bh|Tis M| Ds|Rg|Cn|Nh | FI [Mc| Ly | Ts [0
La [Ce [ Pr [Nd]Pm[sm[Eu[cd[ Tb|By|Ho Er [Tm[ b Lu
‘Ac|Th | Pa U [Np[Puam|cm| Bk cf [Es [Fm|[Ma| No| ir

Fig. 5. Elements included in this review are highlighted (carbon refers to graphite).

were extracted or extrapolated from figures and plotted values. Studies
with inaccessible or unverifiable estimates were not included. Fossil-fuel
focused energy scenarios were also not included as they were not based
on renewable energy deployment. To enable greater comparability,
demand estimates were converted to kilotons/year and plotted from
2020 to 2050. The starting year of 2020 was used for all data sets, even if
a study was published before 2020. The 2020 data points for all minerals
were based on real-world demand for critical minerals from renewable
technologies as taken from the IEA’s study on critical minerals —i.e., all
studies were assumed to have correctly predicted 2020 demand to help
enable comparability and to focus on differences in future material de-
mand projections [23]. Possible errors may have occurred during the
extraction of data from charts or from the extrapolation of the data.
These errors should have a limited effect on the results, as this research
discusses broader trends, and collected values should not be considered
a substitute for the data presented in the original publications.

If a study only considered one technology and that technology uses
the same materials as other prominent renewables, some of those values
were excluded. For example, Xu et al. (2020) examined electric vehicles
(EVs) and provided data on copper demand from EVs through 2050

[34]. However, because copper plays an important role in all renewable
technologies and Xu et al. (2020) only looked at EVs, this research
excluded the copper values. The demand for copper from an EV study
cannot be accurately compared to a study that looked at global demand
for copper from all renewable technologies including EVs, solar energy,
wind energy, and electricity networks. However, Xu et al.‘s lithium
values were included in the dataset because lithium is not commonly
used in other renewable technologies besides energy storage, and elec-
tric vehicles already account for 80 % of all lithium demand [35,36].
The relative importance of different materials for different technologies
can be seen in Fig. 6.

4. Results and discussion

There is a general agreement that mineral and metals requirements
for the energy transition will increase substantially between 2020 and
2050 — but almost all studies disagree on the scale, timeline, and rate of
demand increase. For example, some studies estimate that future de-
mand will outpace known reserves within the next few years, while
others predict that material shortages will be offset by recycling and that

Copper Cobalt Mickel Lithium REEs Chromium Zinc PGMs Aluminium
Solar PV L] ® ® ® ® [ ] ] L] L]
Wind L ] ] L L] L] [ ]
Hydro ] ] [ ] ] [ ]
CsP ® ® ® L] L] L]
Bioenergy L] ] ] ] . L] L]
Geothermal ® ® * ® ® L] L] L] L]
Nuclear L L L [ ] [ ] [ ]
Electricity networks L ] ] [ ] ] L ] L ] [ ] [ ] L ]
EVs and battery storage L] L] ] ] ® L ] [ ] L] L]
Hydrogen [ ] ] [ ] ] ® [ ] L]
Relative importance of minerals for a particular clean energy technology: High: @ Moderate: Low: @

Fig. 6. Critical mineral needs for clean energy technologies, lea (2021) [23].

6



J.L. Calderon et al.

demand can be effectively managed without supply disruptions. Fig. 7
shows the annual demand (kilotons per year) predicted by different
studies through 2050 for commonly discussed critical minerals.

Almost all studies show large increases in demand for critical min-
erals to the point that real-world 2020 production (the starting point for
all charts in Fig. 7) often appears to be negligible and nonexistent in the
graphical representations. Many models also predict that demand will
not continuously increase through 2050, and that at some point demand
will peak before declining due to recycling or other changes in mineral
markets (e.g., Tellurium in Fig. 7).

Studies referenced in this analysis had similar approaches to esti-
mating demand for different minerals (e.g., calculating material demand
from energy requirements as outlined in Section 2), but no two studies
were the same. In many studies, the term ‘demand’ was often used
interchangeably with ‘annual material requirements’, but many sources
also differentiated between gross demand, cumulative demand, annual
demand, demand for virgin metal, primary production, secondary pro-
duction, open-loop recycling, and closed-loop recycling [22]. Some
studies combined these considerations to develop ‘high” and ‘low” de-
mand scenarios, while other studies kept recycling and other consider-
ations separate from their demand estimates. With many studies having
unique considerations and language, the results of this analysis focus on
the major components of the models (predicted demand, energy sce-
narios, materials, recycling), how they differ, and how these differences
affect accuracy and use of models.

4.1. Disagreement in mineral demand estimates

The ranges of annual demand for critical minerals and metals show
that demand estimates disagree on orders of magnitude — meaning that
one study predicts that demand will increase to ten times current de-
mand, while another predicts an increase of 100 times current demand
for the same mineral. Fig. & shows the possible demand ranges for many
critical minerals in 2050 using box and whisker plots to help highlight
the outliers (circles), lower quartile values, median values, and upper
quartile values.

Future lithium demand was the most explored scenario (24 studies).
Annual demand for lithium in the year 2050 was estimated to range
from 146,000 to 6,800,000 tons (Fig. 8), with a standard deviation of
~1,400,000 tons. The average predicted demand when including out-
liers was roughly 1,100,000 tons of lithium per year in 2050. Global
lithium mine production was 130,000 tons in 2022 (for all end-uses, not
just renewables), and global reserves were estimated to total 26, 000,
000 tons by the U.S. Geological Survey in 2023 [35]. This means that
future annual demand for lithium could require more than 25 % of all
currently identified reserves, and on average the studies predicted that
lithium demand will be almost 12 times higher than cwrent annual
production.

Similarly, cobalt demand was the second most explored scenario and
annual demand for cobalt in 2050 is estimated to range between 6000
tons and 3,600,000 tons, with a standard deviation of 880,000 tons.
Global cobalt mine production was 190,000 tons in 2022 (for all end-
uses, not just renewables), and global reserves were estimated to total
8,300,000 tons by the U.S. Geological Survey in 2023 [25]. This means
that annual cobalt demand in 2050 could equal anywhere from 1.2 to 43
% of current global reserves respectively.

Identified demand ranges for many critical minerals are large enough
for some studies to argue that material shortages and supply crunches
are imminent, especially in the context of published reserve estimates
and how quickly demand is expected to increase. However, economists
and geologists have consistently maintained that price increases for
materials will continue to modify reserve estimates and that “running
out” of minerals is extremely unlikely [19,36]. Similarly, studies with
lower demand estimates speculate that demand will only inerease
slightly or that recycling will limit new demand, and the transition to
renewables will not cause significant changes in industrial practices.
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These disagreements about demand ranges means there are contradic-
tory conclusions among the studies on the relative importance of eritical
minerals in enabling energy transitions.

Even among studies that used the exact same energy scenarios, dif-
ferences in demand estimates were substantial and often led to different
conclusions. For example, four studies examined lithium in the context
of transportation and EVs, and all four used the same energy scenario
(IEA 2017 Beyond 2 Degrees Scenario) as the basis of their analysis [37].
Despite using the same energy assumptions, their lithium demand esti-
mates differed greatly, as shown in Table 2.

Large differences in mineral demand estimates make it challenging
to speculate on whether mineral markets are advancing fast enough or
whether market signals will remain strong enough to minimize demand
shocks. Depending on which study is consulted, global production vol-
umes for many minerals are either already aligned with renewable en-
ergy deployment scenarios, or production needs to increase rapidly in
the next few years.

4.2. Variation in the scope of technologies considered

The specific technologies that are considered in mineral demand
estimates can greatly impact the results of the estimates and can support
or discredit the assumptions that certain minerals and metals will face
supply challenges. When mineral demand estimates assume that a
certain percentage of future energy will be provided by a type of
renewable energy (solar, wind, electric vehicles), they must also make
assumptions about sub-technologies, market shares, and associated
infrastructure. These assumptions were inconsistent throughout the
mineral demand estimates and even led to differing conclusions on what
minerals should be of particular concern for the energy transition.

For example, due to differences in assumptions about infrastructure,
copper demand for renewables appears to decrease in some of the
models shown in Fig. 9. The 2020 starting value for all models shown in
Fig. 9 is the actual, real-world 2020 demand for copper from renewable
technologies as reported by the IEA (5715 kilotons) [23]. 87 % of the
copper demand for renewables in 2020 came from electricity networks
(4975 kilotons), including transmission, distribution, and transformers
[23]. However, because studies such as those conducted by the World
Bank (2020) frequently choose not to include any type of infrastructure
in their analysis, they also effectively ignore 87 % of the copper demand
that renewables might create from 2020 to 2050 [54]. As a result, their
demand model predicts that future demand will actually decrease from
current levels, as 4975 kilotons is already higher than their future esti-
mates [54]. When ignoring infrastructure, the World Bank estimates that
only 7 % of future annual copper production will be used for renewable
technologies, while the IEA predicts that renewables will grow to ac-
count for 40 % of all copper demand within the next few decades pri-
marily due to infrastructure [23,54]. In fact, out of all the demand
estimates, the IEA predicted the highest copper demand because it
covered numerous technologies and was one of the only studies to
consider transmission, distribution, and transformers in its analysis.

Aside from what studies can choose to include or exclude, assump-
tions about the future popularity of specific renewable technologies
were also inconsistent and found to greatly affect the results of mineral
demand estimates. In particular, the decisions about the future market
shares of battery technologies and photovoltaic technologies differed
greatly across studies and determined whether demand for specific
minerals would increase substantially or negligibly. For example, most
demand models predicted that cadmium and tellurium demand would
not increase at the same scale or rate as lithium and other critical
minerals. After all, cadmium telluride (CdTe) solar cells currently only
account for 5 % of the world market, while crystalline silicon photo-
voltaic cells have maintained 85-95 % of market sales since 2011 [383,
88,39]. However, as shown in Fig. 10, in scenarios where CdTe solar
cells become more popular, annual demand for cadmium and tellurium
can increase by 11,000 to 13,000 %.
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Fig. 7. Annual demand for critical minerals from 2020 to 2050 (kt).
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Table 2
Lithium demand estimates from studies using the same energy scenario.

Author Geographic Scope Mineral year

kt/year Percent of 2020 Lithium Demand Climate Scenario

World Bank (2020)
Watari (2019b)
Minberger (2018)
Junne (2020)

World
World
World
World

Lithium 2050
Lithium 2050
Lithium 2050
Lithium 2050

415 1923.64 %
660 3059.28 %
1470 6813.86 %
2630 12190.78 %

IEA Beyond 2 Degrees (2017)
IEA Beyond 2 Degrees (2017)
IEA Beyond 2 Degrees (2017)
IEA Beyond 2 Degrees (2017)

Annual Copper Demand

20000

=== World Bank (2020 ”

- = [EA{2021) -

10000 -

Demand (kilotons/year)
\
\

Year

Fig. 9. Annual copper demand through 2050.

Tellurium
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For battery materials, demand estimates for specific minerals were
largely dependent on what type of battery the models assumed would be
prevalent, how quickly battery types could be adapted for industrial
processes, and how quickly new types of batteries could be commer-
cialized (e.g., lithium-air). Lithium-ion batteries with nickel-manganese-
cobalt (NMC) cathodes typically require almost eight times more cobalt
than nickel-cobalt-aluminum-oxide (NCA) lithium batteries, but also
usually require much less nickel [23,34]. Other types of batteries include
lithium-iron-phosphate (LFP) batteries, which do not require nickel,
cobalt, or manganese, but instead require 50 % more copper than NMC
batteries [23,34]. As a result of the different material requirements, the
assumptions that models made about NMC, NCA, and LFP battery
technologies had noticeable effects on demand for the materials that are
in one battery type, but not others.

Disagreements on sub-technologies and market shares result in
dramatically different estimates for mineral demand. While mineral
demand models are meant to be speculative, and many models use
multiple scenarios in their analysis, there appears to be a great deal of
uncertainty around what materials and technologies to prioritize,
especially for battery and solar materials.

Cadmium

2020 2025 030 2040 2050
Year

Fig. 10. Annual demand for Tellurium and Cadmium through 2050.
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4.3. Assumptions about material intensity and recycling

Assumptions about material intensities (the quantity of minerals or
metals needed to build a low-carbon technology) and recycling also
often resulted in drastic changes to projected mineral demand estimates
and remained inconsistent across most studies. Of the 38 studies
included in this analysis, 32 (84 %) modeled the effects of recycling in
some form. However, only 10 (26 %) articles considered changes in
material intensity due to technological improvement. Furthermore, no
two studies were found to make the same assumptions about recycling or
material intensities despite their importance to modeling future mineral
demand.

The inclusion of recycling in most models emphasizes its importance
for mineral demand estimates, but there did not appear to be any
consistent way of estimating future recycling rates. Many studies either
relied on external estimations of future recycling, such as the United
Nations’ Recycling rates of metals: A status report on recycling trends, or
assumed an annual recycling growth rate as shown in Fig. 11 [90]. Some
studies differentiated between open-loop and closed-loop recyeling, and
others integrated renewable life cycles to help estimate when materials
would become available, but overall rates, timelines, and considerations
were usually unique to each study. This implies that there is no
consensus or consistent way of estimating how future recycling can
affect future demand.

Assumptions about the minerals required to build different renew-
able technologies (material intensities) were also inconsistent across
studies. The analysis presented here aligns with the first comprehensive
review of material intensities conducted by Liang et al. (2022) who
showed that mineral demand studies used a wide variety of assumptions
about what materials are required to build different renewable tech-
nologies (Fig. 12) [29]. For battery electric vehicles, Liang et al. (2022)
found that studies estimated anywhere from 600 to 15,000 g of lithium
per vehicle, which draws parallels to annual lithium demand estimates
ranging from 146,000 to 6,800,000 tons [29]. Similarly, the amount of
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cobalt needed in an EV was anywhere from 700 to 7000 g depending on
which is used, and annual cobalt demand ranges from 6000 tons to 3,
600,000 tons [29]. Fiz. 12 shows the ranges of different studies used
when calculating the amount of minerals required to build an electric
vehicle.

Beyond general disagreement on material intensities when
modeling, many studies overlooked the importance of how material
intensities might change through 2050. The real price of lithium-ion
cells, scaled by their energy capacity, has declined roughly 97 % since
their introduction in 1991, and about 38 % of the observed cost decline
is from inereases in cell charge density [91,92]. This trend has continued
for many clean energy technologies, with photovoltaic module (solar)
and wind turbine costs also declining until 2021 when the prices of key
minerals spiked [93,94]. Despite this, of the 38 studies used in this
analysis, only 10 (26 %) articles considered changes in material intensity
due to technological improvement. Liang et al. (2022) similarly found
that only 13 out of 132 (10 %) papers took a dynamic approach and
considered changes in material intensity due to technological im-
provements [29].

5. Conclusions

This study found that mineral demand estimates, while valuable for
understanding general trends and concerns, are inconsistent in their
approaches and have a wide range of results that would benefit from
comparisons and real-world context. In particular, the ambiguity of
future energy technologies (market share, material requirements, etc.)
and the difficulties of predicting technological advancements, demon-
strates the need to move conversations away from relying on indepen-
dent predictive models, and toward comparative frameworks and real-
world considerations. Many of the current critical mineral models
summarize the implications of mineral demand estimates in terms of
shortages and supply disruptions, and while these are important, it is
equally important to understand what changes can be made, what

Current recycling rate

Ag 30%
cd 25%
Co 32%
Cr 20%
Dy 10%6
In 37.5%
Li 1%6
Mn 37%
Mo 33%
Nd 5%

Ni 29%
Se 5%
Sn 22%
Ta 17.5%

Annual growth 2050 recycling rate
0.6% 37%
1.3% 39%
1.8% 59%
2.5% 47%
0.9% 13.7%
0.5% 44.7%
4.6% 4.8%
0.1% 38%
0.7% 42%
0.1% 5.2%
1% 41%
2% 10%
0.1% 22.8%
0.1% 18.2%

Fig. 11. Recycling rates used in mineral demand estimates by Valero (2018) [17].
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Steel(n=8,ave=1011946,range:806144.0-1185900.0)
Aluminum(n=8,ave=149290,range:110658.0-267410.0) 4
Copper(n=12,ave=61894,range:41797.0-79000.0) -
Manganese(n=5,ave=16767,range:5968.0-36600.0) -

Chromium(n=3,ave=10696,range:6510.0-12789.0) -

Molybdenum(n=2,ave=1835,range:260.0-3410.0)

Nickel(n=7,ave=24662,range:7000.0-82832.0) 4

Lead(n=4,ave=3345,range:310.0-6900.0) 4
Cobalt(n=10,ave=3097,range:700.0-7000.0) -
Lithium(n=22,ave=3163,range:600.0-15000.0) -

Vanadium(n=2,ave=852,range:852.6-852.61) -
Neodymium(n=16,ave=750,range:10.0-2631.0) 1
Niobium(n=2,ave=426,range:426.0-426.3)
Magnesium(n=1,ave=200,range:200.0-200.0) -
Dysprosium(n=10,ave=118,range:22.5-210.0) -
Zinc(n=2,ave=100,range:100.0-100.0) 4
Praseodymium(n=6,ave=38,range:1.0-120.0) -
Cerlum(n=3,ave=33,range:0.31-49.7) -
Silver(n=4,ave=28,range:6.0-50.0) -
Tellurium(n=2,ave=20,range:19.86-21.0) 4
Terbium(n=1,ave=13,range:13.62-13.62) -
Tantalum(n=5,ave=9,range:3.4-10.83) 4
Lanthanum(n=4,ave=3644,range:6.68-14555.0) 4
Platinum(n=5,ave=4,range:2.0-5.51) 4
Samarium(n=2,ave=1,range:1.4-2.32) 4
Palladium(n=3,ave=1,range:0.94-1.81) -
Gallium(n=4,ave=0.81,range:0.57-1.05) -
Yttrium(n=1,ave=0.41,range:0.41-0.41) 4
Indium(n=4,ave=0.22,range:0.05-0,38) 4
Gold(n=1,ave=0.2,range:0.2-0.2) -
Erbium(n=2,ave=0.18,range:0.18-0.18)
Gadolinium(n=3,ave=0.12,range:0.01-0.18)
Europium(n=2,ave=0.12,range:0.01-0.23)
Ytterbium(n=1,ave=0.08,range:0.08-0.08) 4
Germanium(n=3,ave=0.05,range:0.05-0.05) -

Rhodium(n=3,ave=0.01,range:0.01-0.01) -

10-* 10! 10° 10°
Metal intensity (g/vehicle)

Fig. 12. The amount of metals need to build an electric vehicle according to different studies (g/vehicle, ‘n’ represents the number of the data dots) (Liang et al.,

2022), [29].

options and pathways exist, and how models can be utilized to identify
barriers beyond raw material requirements. To this end, it is equally
important to understand demand aspects, innovation, and efficiency, as
they appear to be broadly underlying and influencing almost every
model through their impacts on energy, technologies, and material
intensities.

The effects of recycling, the development of more mineral-efficient
technologies, and the ability to actually mine and/or process any of
the predicted demand scenarios are much more important for future
material requirements than almost any other consideration. The ability
to meet demand estimates is largely dependent on the ability to develop
new mines, which is rarely discussed or applied to this class of models.
The inclusion of recycling is important to minimize future demand, but
it is unclear how recycling will be developed, or what role the current
mining and metals industry will play if any at all. These considerations
need to be better explored if future demand is to be effectively managed,
and mineral demand models play an important role in identifying future
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pathways.

Ultimately, predictive models have served their role in raising
awareness for material concerns, but it is time to advance the conver-
sation toward facilitating the availability of critical minerals. This
renewed focus should revolve around strengthening the mining and
metals industry so that it can effectively navigate demand shocks, un-
derstanding and integrating technological advancements beyond a
speculative nature, developing plans for how recycling or circular
economies could meet demand, and understanding real world barriers to
responsible production through environmental, social, or governance
considerations.
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