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This study investigates the impact of geopolitical risk on energy transition
minerals—lithium, copper, cobalt, nickel, rare earth, and graphite—using Kernel-Based
Regularized Least Squares (KRLS) and quantile regression (QR) over the period
1961-2020. Results reveal heterogeneous and nonlinear effects, with significant market
disruptions for cobalt, nickel, rare earths, and graphite. Policy recommendations
emphasize supply diversification, domestic capacity expansion, and risk-sensitive trade
strategies to enhance market resilience and secure critical mineral supply chains.

I. Introduction

The urgent transition to sustainable technologies hinges
on the reliable supply of specific critical minerals indis-
pensable for energy storage, electric vehicles, and renew-
able energy systems. However, these minerals—such as
lithium, cobalt, nickel, rare earth elements, and
graphite—are increasingly subject to the destabilizing ef-
fects of geopolitical risks. Recent conflicts, notably the Rus-
sia-Ukraine war, and evolving trade policies have under-
scored how geopolitical tensions can disrupt supply chains,
elevate prices, and introduce significant uncertainties into
the global market (Attilio, 2025; Nygaard, 2023; Olase-
hinde-Williams & Saint Akadiri, 2025; Pata et al., 2024).

In addition to direct geopolitical disruptions, protection-
ist commercial policies further complicate the landscape by
restricting access to essential materials and inflating costs,
undermining the broader objectives of sustainable tech-
nology development (Berahab, 2022). The rapid growth in
global demand, driven by the expanding production of elec-
tric vehicles and renewable energy technologies, intensi-
fies these market complexities, as shifts in political dynam-
ics can lead to abrupt supply interruptions (Chishti et al.,
2023).

Moreover, excessive reliance on mineral-rich but geopo-
litically volatile regions accentuates supply vulnerabilities.
Recent studies emphasize diversifying supply sources and
enhancing recycling efforts to mitigate these risks (Giuli,
2023; Nygaard, 2023). Quantitative analyses further reveal
that geopolitical risks significantly complicate energy tran-
sitions, while also suggesting potential strategies for risk

mitigation (Pozybill, 2022; Wang et al., 2024; Zhang et al.,
2023).

This study employs KRLS and QR methods to address
these challenges and capture geopolitical risk’s heteroge-
neous and nonlinear effects on energy transition minerals
from 1961 to 2020. Our results indicate that while geopo-
litical risks significantly disrupt the market performance of
cobalt, nickel, rare earths, and graphite, lithium and cop-
per appear comparatively resilient, underscoring the need
for targeted policy interventions.

II. Data and Methodology
A. Data

This study considers six key energy transition minerals:
lithium, copper, cobalt, nickel, rare earths, and graphite.
We measure geopolitical risk via the Geopolitical Risk Index
(GPRI), a widely recognized measure of geopolitical risk in
the academic and policy communities, originated by Cal-
dara and Iacoviello (2022). The monthly data of the GPRI is
obtained from [URL] and then converted into an annual fre-
quency using the average observations method.

Table 1 reports the descriptive statistics of the gathered
raw series from 1961 to 2020. Cobalt has the highest aver-
age, while the GPRI has the lowest. Rare earths have the
highest coefficient of variation (CV), whereas GPRI has the
lowest. The studied series, except for lithium, skew to the
right. GPRI, copper, and graphite exhibit a platykurtic dis-
tribution, while other variables present a leptokurtic dis-
tribution. The estimates of the Jarque-Bera test reject the
normal distribution for cobalt, nickel, and rare earths. In
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Table 1. Descriptive statistics

GPRI Lithium Copper Cobalt Nickel Rare Earths Graphite
Mean 86.940 4357.5 3693 32183.33 10546.5 7542.1 498.2647
Median 86.159 4735 3775 24850 9485 6230 521.6
Maximum 135.324 8040 6480 120000 29300 42100 874.7
Minimum 39.673 1220 1510 15500 4630 446 190
cv 22.984 31.208 33.104 60.408 39.579 91.577 41.113
Skewness 0.187 -0.570 0.067 2.530 1.836 3.302 0.080
Kurtosis 2.905 3.540 2.325 10.553 8.339 16.147 1.905
Jarque-Bera 0.372 3.980 1.184 206.633* 104.974* 541.143* 3.060

[0.830] [0.137] [0.553] [0.000] [0.000] [0.000] [0.217]
ARCH-LM(1) 14.789* 77.923* 40.000* 20.527* 3.637*** 16.891* 57.283*

[0.000] [0.000] [0.000] [0.000] [0.061] [0.000] [0.000]

Note: * and *** indicates statistical significance at 1% and 10% levels, respectively.

contrast, the ARCH-LM test strongly rejects homoscedas-
ticity for all series. We take the logarithm of the series not
only for non-normality and heteroskedasticity but also for
elasticity.

B. Methodology

The KRLS model for this study is specified as follows:

Yie = f(Xy) + &t (1)
where Y}, is the price or market dynamics of energy transi-
tion minerals, X; includes GPR. f (X;) is a flexible, nonlin-
ear function estimated using KRLS, and ¢; is the error term.
The KRLS estimator solves:

~ argmin

B="E (- KX X8 B (2)

where K (X, X;) is the kernel function (commonly a radial
basis function or polynomial kernel), and X is the regu-
larization parameter to prevent overfitting. This approach
captures geopolitical risk’s nonlinear and heterogeneous
impact on energy transition minerals. Instead of mean-ori-
ented traditional or machine learning models, KRLS allows
us to examine the effects of GPR on each observation of the
energy transition minerals based on automatic regulariza-
tion that reduces overfitting.

III. Results

Figure 1 illustrates the pointwise marginal effects of GPR
on each of the six energy transition minerals—lithium, cop-
per, cobalt, nickel, rare earths, and graphite—using KRLS.
Broadly speaking, each panel’s vertical axis indicates how a
slight change in GPR is predicted to affect a specific min-
eral’s price (or returns) at each observation in the dataset.
The red dots represent these observation-specific effects,
while the blue smoothed line shows the overall trend. The
figure underscores the heterogeneous and sometimes non-
linear ways that geopolitical tensions can influence differ-
ent minerals, aligning with the broader literature on com-
modity risk responses (Caldara & Iacoviello, 2022).

A closer look at the panels reveals that certain minerals,
such as lithium and graphite, exhibit a mild U-shaped re-

lationship with GPR. At lower price levels, the marginal ef-
fect of GPR tends to be weakly negative or close to zero, but
it becomes more positive as the market environment tight-
ens.

This pattern suggests that when demand and prices are
relatively subdued, geopolitical tensions do not dramat-
ically affect prices—possibly because market participants
do not foresee immediate supply constraints. However, as
prices and demand increase (often coinciding with height-
ened concerns about supply bottlenecks), higher GPR can
magnify fears of disruption, thus exerting a more substan-
tial upward influence on prices. In contrast, metals like cop-
per and nickel appear to experience wave-like or cyclical
effects: moderate geopolitical risks may initially weigh on
industrial demand and dampen prices. However, concerns
about potential supply shortages can push prices upward if
tensions intensify. Nevertheless, protracted or severe ten-
sions might eventually curb economic growth and global
trade, reverting the marginal effect to neutral or negative.
These cyclical patterns are consistent with findings by Mar-
tino and Parson (2013), who highlight how both demand-
and supply-driven factors can oscillate in response to esca-
lating geopolitical risks.

Cobalt and rare earth, known for their concentrated sup-
ply chains (e.g., cobalt’s heavy reliance on the Democratic
Republic of Congo and rare earth’s dominance by China),
exhibit inverted U-shaped or near-flat patterns, respec-
tively. The inverted U-shape for cobalt may stem from mod-
erate geopolitical risks sparking concerns over supply dis-
ruptions—raising prices—while extremely high tensions
might trigger a broader economic slowdown that reduces
overall demand. Rare earth, by contrast, hovers close to
zero or slightly harmful in marginal effects for much of
the sample, reflecting a balance between supply-side vul-
nerabilities and demand-side uncertainties. Past studies
(Mancheri et al., 2019) also show that rare earth markets
are prone to policy-driven price shocks, which can amplify
or dampen global risk effects depending on whether de-
mand remains robust. Ultimately, Figure 1 emphasizes the
importance of analyzing each mineral’s unique market
structure and supply chain concentration when assessing
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Figure 1. Graphical plots of pointwise marginal effects of the series.

the impact of geopolitical risk. By examining the data at
each point rather than relying on mean-oriented methods,
KRLS reveals these nuanced patterns, demonstrating that
geopolitical tensions can trigger upward and downward
pressures on energy transition minerals depending on pre-
vailing market conditions.

Table 2 summarizes the average marginal effects of
geopolitical risk on each energy transition mineral. Except
for Lithium (-0.016, statistically insignificant), all minerals

show a negative relationship with geopolitical risk. Specif-
ically, copper (-0.308) is significant at the 10% level, while
cobalt (-0.113), nickel (-0.312), rare earth (-1.176), and
graphite (-0.360) are significant at the 1% level. These re-
sults indicate that, on average, increases in geopolitical risk
tend to depress the prices (or returns) of most energy tran-
sition minerals. The powerful negative effect on rare earths
may reflect their concentrated supply chains and suscep-
tibility to policy disruptions, a finding consistent with

Energy RESEARCH LETTERS 3



How Does Geopolitical Risk Affect Energy Transition Minerals?

Table 2. Average marginal effects

Average Std. Error tvalue Pr(>|t]) R2
Lithium -0.016 0.055 -0.303 0.762 0.003
Copper -0.308*** 0.157 -1.952 0.055 0.403
Cobalt -0.113* 0.066 -2.693 0.000 0.094
Nickel -0.312* 0.088 -4.534 0.000 0.116
Rare Earths -1.176* 0.271 -4.325 0.000 0.266
Graphite -0.360* 0.127 -4.390 0.000 0.191
Note: * and *** indicates statistical significance at 1% and 10% levels, respectively.

Mancheri et al. (2019). Similarly, the adverse impacts on
copper and nickel echo the observations of Martino and
Parson (2013), who noted that heightened uncertainty can
dampen industrial demand and disrupt commodity mar-
kets. Furthermore, the overall negative associations align
with Caldara and Iacoviello’s (2022) broader findings on
how geopolitical shocks affect asset prices. Thus, these av-
erage marginal effects underscore the pervasive influence
of geopolitical risk on the performance of critical energy
minerals, highlighting the complex interplay between po-
litical instability and commodity market dynamics.

A. Robustness check

Figure 2 shows the QR coefficients for six miner-
als—lithium, copper, cobalt, nickel, rare earth, and
graphite—as a robustness check for the KRLS findings. The
horizontal axis denotes the quantiles of the dependent
variable (e.g., returns), and the vertical axis indicates the
effect of GPR. The shaded area represents 95% wild boot-
strap confidence intervals.

The QR results reinforce that GPR has heterogeneous,
often nonlinear effects across the conditional distribution
of each mineral’s prices or returns. Lithium exhibits near-
zero effects at lower quantiles but rises at higher quantiles,
matching KRLS results showing greater sensitivity when
prices are elevated. Copper and nickel present negative or
neutral impacts in some quantiles and positive impacts in
others, consistent with their cyclical industrial usage pat-
terns: moderate geopolitical tension can dampen demand,
while severe tension may tighten supply and lift prices.

Cobalt and rare earths exhibit similar variability, with
cobalt’s effects shifting from near-zero to more pronounced
at specific quantiles. In contrast, rare earths dip at mid-
quantiles before recovering at the extremes. These patterns
mirror their supply-chain concentration and policy-driven
risks. Graphite reveals negative coefficients at lower quan-
tiles, turning positive as quantiles rise, indicating that
stronger demand amplifies the impact of GPR. Overall, Fig-
ure 2 corroborates the KRLS conclusion: geopolitical risk’s
influence on energy transition minerals is not uniform. By
highlighting distribution-specific effects, the QR approach
underscores that policymakers and market participants
must account for varying market conditions and supply-de-
mand dynamics to manage geopolitical uncertainty effec-
tively.

Table 2 provides the rolling window regression estimates
for each of the six minerals—lithium, copper, cobalt, nickel,
rare earth, and graphite—illustrating how GPR effects
change over time. Each panel plots GPR coefficients derived
from regressions estimated on moving windows (e.g., five-
or ten-year periods), enabling us to observe shifts in sen-
sitivity across different historical contexts. The magnitude
and direction of these coefficients vary substantially.
Lithium exhibits modest effects in earlier decades but
shows sharper fluctuations in the 2000s and 2010s, likely to
reflect its growing importance in battery and electric vehi-
cle technologies. Copper and nickel, central to traditional
industries, demonstrate cyclical patterns corresponding to
broader economic cycles.

Meanwhile, cobalt and rare earth—often sourced from
geopolitically sensitive regions—experience pronounced
volatility, with coefficients turning sharply positive or neg-
ative during heightened global tensions. Graphite consis-
tently shows adverse effects, although their negativity
changes over time, indicating that GPR regularly dampens
graphite market performance to varying extents. These
rolling estimates highlight that geopolitical risk impacts
are dynamic rather than static, influenced by evolving mar-
ket structures, technological shifts, and macroeconomic
conditions. Monitoring these temporal patterns is essential
for anticipating supply-chain disruptions and developing
adaptive strategies to manage critical mineral vulnerabili-
ties.

IV. Conclusion

This study’s KRLS and OR findings confirm that geopo-
litical risk exerts heterogeneous and often nonlinear effects
on energy transition minerals. While cobalt, nickel, rare
earth, and graphite exhibit stronger negative responses,
lithium and copper appear comparatively less sensitive. The
OR estimates further reveal that the magnitude and direc-
tion of these effects vary across different quantiles, un-
derscoring how market conditions—such as high-demand
phases—can amplify or dampen geopolitical shocks. These
patterns highlight the vulnerability and complexity of
global supply chains for critical minerals, mainly where
supply is highly concentrated in geopolitically sensitive re-
gions.

Based on our findings, policymakers and industry stake-
holders must adopt a multi-faceted strategy to mitigate
the adverse effects of geopolitical risk on energy transition
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Figure 2. QR estimates

Note: The shaded area represents 95% wild bootstrap confidence intervals.

minerals. KRLS and QR analyses reveal that minerals such
as cobalt, nickel, rare earth, and graphite are particularly
susceptible to negative impacts from heightened geopoliti-
cal uncertainty, so efforts should prioritize targeted supply
diversification. This can be achieved by exploring new re-
serves and developing strategic partnerships in politically
stable regions, thereby reducing overreliance on geopolit-
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ically sensitive areas. In parallel, flexible stockpiling mea-
sures, aligned with real-time risk assessments, are war-
ranted; adaptive inventories can serve as buffers when QR
estimates indicate amplified price volatility at higher quan-
tiles. Additionally, enhancing domestic refining capacity
and localized processing—in regions with stable political
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climates—can further fortify supply chains, particularly for
those minerals exhibiting sharp negative responses.
Complementary to these supply-side strategies, risk-
sensitive trade policies are recommended. These policies
should include mechanisms such as conditional agreements
and contingency clauses, which are designed to accommo-
date the nonlinear risk patterns identified in our analy-
sis. Finally, proactive diplomatic engagement through re-
source-sharing agreements and multilateral initiatives can

mitigate external shocks and stabilize mineral markets in
an increasingly uncertain global environment. Collectively,
these recommendations provide a robust framework to en-
hance resilience amidst ongoing geopolitical turbulence.
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