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From fossil fuels to metals
and minerals: Navigating global resource
challenges in the energy transition
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Renewable energy systems introduce an unprecedented rise in demand for multiple raw materials. In arecent
Cell Reports Sustainability article, Qiu et al. show the need for huge increases in the supply of twelve key ma-
terials for the power sector by 2050. Here, we broaden the perspective to ultimately derive solutions to suc-
cessfully navigate material bottlenecks of the energy transition.

The global energy supply has always
relied on vast quantities of raw materials.
In the past decades, these have mainly
consisted of hydrocarbons such as coal,
oil, and gas. But with the rise of renewable
energy sources such as wind and solar,
the reliance on these energy resources
may be replaced by an increasing de-
mand for metals and minerals. Although
the nature of the resource demand may
be changing, many of the challenges
associated with their supply remain
largely the same (see Figure 1). While
fuel supply challenges have been studied
for decades, driven by concerns about
peak oil and events such as the oil crisis,
research on the energy-material nexus
and the material crisis has only gained
substantial attention in recent years."

Understanding the systemic
challenge
It may appear that the reduction of coal-
fired electricity generation facilitates the
decoupling of commodities from energy
supply. In fact, the opposite is true: the
greater the deployment of renewable en-
ergy technologies, the more integrated the
energy and material economies become.
In this context, a recent Cell Reports
Sustainability article by Qiu et al.” extends
the open-source integrated assessment
model GCAM (Global Change Analysis
Model) to endogenously identify demands
for 12 key materials arising from the trans-
formation of the global power sector and
the influences of potential supply short-
ages on the sector.

Their findings demonstrate that if the
supply of these 12 materials continues
to expand at the same rate over the next
30 years as in the past, the development
of the global electricity sector will
be severely impeded. This leads to
decreasing investments in the power
sector and an increase in electricity prices
worldwide. By analyzing a variety of explor-
atory scenarios, the authors are able to es-
timate the impacts of different growth rates
for each of the 12 materials. While the re-
striction of materials utilized in numerous
technologies, such as copper, results in a
net reduction in installed capacity, the lim-
itation of materials employed in specific
(sub-)technologies, including neodymium,
silicon, and graphite, gives rise to techno-
logical substitution.

The authors conclude that if an increase
of the historical growth rates by a factor of
3 to 4 would be realizable, developments
within the power sector by 2050 would
remain largely unaffected. However, this
increase would still be insufficient to sup-
ply the materials needed for the large ca-
pacity additions in the near term, resulting
in a slower rate of electrification and an
increased use of fossil fuels in some
sectors.

To avoid such developments, Qiu et al.”
highlight the importance of recycling and
the reduction of material intensities, but
they also discuss the expansion of primary
supplies. Furthermore, the authors under-
score the importance of conducting
model-based analyses of the energy-ma-
terial nexus, a recommendation that aligns

with the findings of other studies on the
integration of raw materials in energy sys-
tem modeling.

Addressing supply challenges

Supply shortages can be addressed by
either increasing supply or reducing de-
mand. A reduction in demand can be
achieved through lowering the resource
intensity of technologies and by substitut-
ing technologies or materials for which
extreme shortages are expected. An in-
crease in supply can originate from either
primary resources, such as new mining
capacities, or from secondary resources
obtained through recycling. To realize
the potential of these options in limiting
material bottlenecks, it is essential to
ensure their economic viability over a suf-
ficiently long payback period. However,
this argument is not adequately repre-
sented in current discussions.
Substitution and demand reduction
Substituting one technology with another
that provides the same or a similar supply
task but uses less-scarce materials poses
one solution to reducing material bottle-
necks. For some platinum-group metals,
substitution and technology shifts are
already seen, with one notable example of
replacing iridium with platinum in cruci-
bles.® However, a direct substitution is not
always possible, and additional measures
are often needed to achieve the same
supply task. For example, switching from
proton exchange membrane to anion ex-
change membrane water electrolysis re-
duces the demand for platinum and iridium,
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Figure 1. An illustration of the resource-related challenges that could affect a sustainable energy transition

but because both technologies feature
different operational dynamics,” one
cannot directly substitute the other.
Each of these substitution cases requires
detailed technical knowledge of its
techno-economic and material character-
istics in order to correctly assess its role
in future energy systems. This level of detail
has not been reached yet in model-based
studies also due to the underlying data
and computational challenges. Hence, it
is likely that possible substitution options
still remain unrevealed.

While substitution primarily affects the
demand for raw materials by shifting it
from one material to another, improving
material efficiency could lead to a reduction
in demand. The same applies to the explo-
ration of methods for extending the lifespan
of existing technologies, as opposed to the
construction of new capacities.
Intersectoral competition and
primary supply increase
Given that numerous studies focus exclu-
sively on the energy sector,’ competition

for material supplies with other sectors is
frequently overlooked. The scenarios pro-
posed by Qiu et al.? indicate that the
demand for certain materials from the po-
wer sector alone may exceed the current
global supply. This emphasizes the
importance of a comprehensive examina-
tion of other sectors, as simultaneous de-
velopments in these sectors could neces-
sitate an increase in the supply of primary
resources. However, this would inevitably
necessitate additional mining activities,
which pose multiple challenges. This pro-
cess is not only cost but also time inten-
sive, with an estimated 16-year timeline
from initial exploration to the start of
extraction.” Furthermore, the viability of
new mines is contingent upon anticipated
market developments, which can extend
the timeline if investors await a rise in
material prices before committing to new
mining projects. In addition to the eco-
nomic challenges, mining often has signif-
icant environmental and social impacts
that need to be taken into account if future
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projects are to be realized in a sustainable
manner.® An alternative to new mines
might be the reuse of existing mine waste
in the form of spoil heaps. This is because
mine waste often still contains valuable
raw materials.” However, it is not yet clear
whether this is economically viable due
to the low material concentration and
whether the public will accept the reopen-
ing of mining sites in regions previously
affected by potentially negative mining
impacts.

Secondary supply increase

In addition to mining capacities, the utiliza-
tion of secondary sources can mitigate the
risk of supply bottlenecks. Furthermore,
from a macroeconomic perspective, the
inclusion of cost-effective recycling in en-
ergy systems could reduce the transfor-
mation cost by over 20%.% However, the
recycling process is not without its own
inherent challenges. First, the inconsis-
tency of input streams of technologies,
coupled with the fact that both long- and
short-term profitability is contingent upon
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current resource prices, renders the
formulation of optimal business cases for
individual recycling processes a chal-
lenging endeavor. In addition, recycling
does not provide a solution for near-term
supply shortages. Many technologies that
contain high amounts of precious metals
and rare earth elements are still in use
and remain far away from reaching their
end of lifetimes.” As recycling also saves
energy compared to primary production,®
efforts should be made to maximize recy-
cling rates. These efforts can include the
implementation of mandatory recycling
rates for certain materials, the develop-
ment of recycling infrastructure, and the
incorporation of recycling-friendly product
design.

Toward a sustainable security of
supply

In the same way that the Industrial Revo-
lution started the era of carbon-based re-
sources, the clean energy transition has
initiated the era of critical raw materials.
Many lessons can be learned from cen-
turies of mining and burning fossil
fuels—especially when it comes to secu-
rity of supply.

In the past, some countries with high
amounts of fossil resources such as
Venezuela have not been able to benefit
from their resource wealth but instead
became economically and politically un-
stable, endangering security of supply in
the long run, which is known as the
resource curse—whereas others such as
Norway have profited from its fossil re-

sources. In the realm of critical materials
for renewable energy technologies, a
substantial share is extracted in countries
where such mining represents a signifi-
cant portion of the country’s overall reve-
nue, making them particularly susceptible
to the resource curse.® Additionally, min-
ing and processing of critical materials is
often concentrated in only a few coun-
tries, which can lead to high import
dependencies and security of supply
threats around the world, similar to fossil
fuel markets. Hence, from the perspective
of sustainable security of supply, it is of
utmost importance to balance a fair share
of value added with security of supply
for all.® The first might be facilitated by
the establishment of production capac-
ities for higher-value products in various
resource-rich countries’ to increase
local economic growth and to allow for
diversification of supply and, therefore,
increasing security of supply for all.
Locating recycling facilities in resource-
poor countries might even further reduce
issues of import dependencies and
finally might reduce geopolitical tensions.
In this manifold and highly complex field,
model-based analyses such as those by
Qiu et al.” need to and will find solutions
to global resource challenges in the
future.
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