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Abstract

This paper examines how geopolitical risk affects metal prices and stockpiling when demand
is unevenly distributed across end uses. We develop a Theory of Use-Specific Storage Premia,
which posits that demand concentration and limited redeployability raise effective storage costs
and weaken the stabilizing role of inventories/stockpiling. Using deterioration in United States—
China political relations as a shock to forward-looking demand expectations, we estimate price
and inventory responses for metals with well-established markets. Broad-use metals exhibit
significant price declines and precautionary stockpiling following geopolitical deterioration,
while use-specific metals display muted responses. Cross-sectional evidence links these
patterns directly to use-specificity. The results imply that traditional stockpiling is structurally
less effective for battery-linked critical minerals subject to geopolitical risk.
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1. Introduction

The rapid expansion of lithium-ion batteries has reshaped demand conditions for a group of
metals that are increasingly central to the energy transition, technologies employed in Artificial
Intelligence (AI) and national defense.! A large and growing share of global demand for lithium
and cobalt, and an increasing share of global demand for nickel, is directly linked to battery
production, while graphite and manganese are essential inputs in anode and cathode
technologies (IEA, 2023; USGS, 2024). Under decarbonization scenarios, demand for these
metals is projected to rise sharply, increasing their exposure to policy uncertainty, geopolitical

risk, and expectations about future technology choices (IEA, 2023; IEA, 2024).

From an economic perspective, battery-related metals differ from traditional industrial
metals in two important respects. First, demand is highly concentrated in a narrow set of
downstream applications, limiting substitutability across uses. Second, rapid technological
change in battery chemistries create uncertainty as to future demand composition and grade
specificity, raising the risk that inventories become mismatched to future market needs (Olivetti
et al., 2017; Xu et al., 2020). These features imply elevated demand-regime risk relative to
broad-use industrial metals, with potential implications for inventory behavior and price

adjustment following shocks (Mancheri et al., 2018; Habib et al., 2020).

Differences in downstream demand structure are illustrated in Figure 1, which plots the
end-use composition of non-energy industrial metals and energy-storage metals. Panel (a)
shows that for aluminum and copper demand is highly diversified across multiple industrial
applications, zinc exhibits a lower—but still diversified—degree of end-use dispersion, while
tin displays a relatively more concentrated demand structure. In contrast, Panel (b) shows that
energy-storage metals—including nickel, lithium, cobalt, manganese, and graphite—exhibit a
high degree of demand concentration, with battery-related uses accounting for the dominant
share of total demand. The observed contrast in the degree of demand concentration highlights

a fundamental structural difference across metal markets: while inventories of broad-use metals

! Lithium-ion batteries are the dominant energy-storage technology used in electric vehicles and for grid-scale
storage, driving demand for lithium, nickel, cobalt, manganese, and graphite. These metals are also increasingly
used in data centers and Al-related infrastructure, in which battery systems provide backup power and resilience,
as well as in selected defense applications, such as communications systems and advanced manufacturing.
Importantly, despite spanning multiple sectors, these uses rely on closely related battery chemistries and tightly
specified material inputs, implying limited substitutability across applications. As a result, demand remains highly
concentrated in functionally similar uses, and inventories face significant redeployability and obsolescence risk,
preserving the high use specificity central to the USSP framework (IEA, 2024; USGS, 2024a).
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can be readily redeployed across demand regimes, inventories of energy-storage metals face

substantial redeployability constraints and higher obsolescence risk.

We develop a Theory of Use-Specific Storage Premia (USSP), which posits that demand
concentration and forward-looking obsolescence risk raise effective storage costs, constrain
optimal inventories, and weaken the price-stabilization role of stockpiling under uncertainty.
The model suggests three propositions. First, geopolitical risk, interpreted as shocks to forward-
looking demand expectations, generate more pronounced and persistent price declines for
broad-use metals than for use-specific metals. Second, a deterioration in geopolitical relations
is accompanied by stronger precautionary stockpiling responses for broad-use metals, while
inventory responses for use-specific metals are comparatively muted. Third, price and
stockpiling responses to deteriorating United States (U.S.)—China geopolitical relations shocks
should be stronger in tight-market conditions (high-price/high-inventory-pressure states) than

in slack conditions, implying asymmetric impulse responses across quantiles.

Long time series are not available for several key energy-storage metals, such as lithium,
cobalt, manganese, and graphite. Thus, to test the theory, using deterioration in U.S.—China
political relations as a shock to forward-looking demand expectations, we estimate price and
inventory responses for metals with well-established markets and reliable data; specifically,
aluminum, copper, and zinc as examples of broad-use metals, and nickel and tin as examples

of use-specific metals—whose demand structures bracket those of energy-storage applications.

U.S.—China relations constitute a salient source of forward-looking geopolitical risk in
global commodity markets, in which the stabilization role of inventories can be evaluated.
Figure 2 plots the Political Relationship Index (PRI) between the U.S. and China from 1995 to
2025, together with its second difference. The level of the index captures persistent shifts in the
overall state of political relations, while sharp changes coincide with well-documented episodes
of heightened tension, including the Taiwan Strait crisis, the NATO bombing of the Chinese
embassy, the trade war, and more recent phases of strategic rivalry. These episodes plausibly
affect global markets primarily through expectations about future trade regimes, supply-chain
reconfiguration and technological decoupling, rather than through contemporaneous physical
supply disruptions. As such, innovations in the U.S.—China PRI provide a natural proxy for
shocks to forward-looking demand expectations, conceptually aligned with the geopolitical risk
framework of Caldara and Iacoviello (2022), which has been shown to be particularly relevant
for metals embedded in globally integrated manufacturing and critical-minerals supply chains

(Mignon and Saadaoui, 2024; Saadaoui, Smyth and Vespignani, 2025).
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To empirically test the propositions of the USSP, first, we examine whether
deterioration in U.S.—China geopolitical relations are associated with more pronounced and
persistent price declines for broad-use metals than for use-specific metals. Secondly, we test
whether deterioration in U.S.—China geopolitical relations is accompanied by stronger
precautionary stockpiling responses for broad-use metals than for use-specific metals are
comparatively muted. Thirdly, we test if the price and stockpiling responses to deteriorating
U.S.—China geopolitical relations shocks are stronger in tight-market conditions than in slack
conditions, implying potential asymmetric impulse responses across quantiles. To evaluate
these propositions, we employ a local-projection identification strategy that exploits plausibly
exogenous variation in U.S.—China political relations to isolate the demand-expectations

component of geopolitical risk from contemporaneous supply disturbances.

Our results are consistent with the first two propositions, with mixed support for the
third proposition. Our main results suggest that geopolitical deterioration is followed by
statistically significant price and stockpiling responses for broad-use metals, while
corresponding responses for use-specific metals are generally weaker and often statistically
insignificant. These patterns are robust across horizons and alternative specifications.
Specifically, the observed patterns are consistent with the mechanism suggested by the USSP,
whereby elevated storage premia, associated with use specificity, limit inventory adjustment
and attenuate price responses. While not all potential alternative channels explaining the
findings can be ruled out, the evidence suggests that differences in demand concentration play

an important role in shaping how metal markets respond to geopolitical risk.

This paper contributes to three strands of the literature. First, it contributes to the storage
and inventory literature. The USSP extends standard models of storage and convenience yields
by highlighting the role of demand concentration and obsolescence risk in shaping effective
storage costs. Second, it contributes to the geopolitical-risk literature pioneered by Caldara and
lIacoviello (2022) by providing evidence that geopolitical tensions operate through a forward-
looking demand-expectations channel and generate heterogeneous price and inventory
responses across commodity markets. Third, it contributes to the critical-minerals and energy-
transition literature by clarifying why strategic stockpiling may be structurally less effective for
battery-linked, use-specific metals than for broad-use industrial metals, thereby identifying an

important constraint for critical-minerals security and stockpiling policies.

This paper seeks to bridge these literatures by developing a theoretical framework (the USSP),

which links geopolitical risk, forward-looking demand expectations, and inventory behavior
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through the structure of downstream demand. By endogenizing effective storage costs as a
function of demand concentration and redeployability, the framework explains why inventories
provide strong insurance value and price stabilization for broad-use industrial metals, but play
a limited stabilizing role for use-specific critical minerals. In doing so, the paper helps reconcile
heterogeneous responses to geopolitical risk documented in commodity markets and identifies
a fundamental constraint on stockpiling policy: when demand is narrowly concentrated and
inventories cannot be readily redeployed, physical stockpiles offer limited stabilization

benefits, despite having high strategic importance.

The remainder of the paper proceeds as follows. Section 2 reviews the related literature.
Section 3 develops the Theory of Use-Specific Storage Premia. Section 4 describes the

econometric framework. Section 5 presents the empirical results. Section 6 concludes.
2. Related Literature

This paper relates to, and contributes to, three closely connected strands of the literature: the
economics of storage and inventories, the literature on geopolitical risk and commodity

markets, and emerging work on critical minerals and the energy transition.

The economics of commodity storage is traditionally grounded in the theory of storage,
which emphasizes the role of inventories in smoothing prices and consumption through
intertemporal arbitrage and convenience yields (Kaldor, 1939; Working, 1949). In this
framework, inventories provide insurance against future scarcity, with optimal storage
decisions determined by expected future prices, carrying costs, and financing constraints.
Subsequent dynamic models formalize the joint behavior of prices and inventories under
uncertainty, highlighting nonlinearities, stock-out constraints, and state dependence (Deaton
and Laroque, 1992, 1996). Heterogeneity across commodities has been documented in more
recent work, which documents that inventory behavior and convenience yields vary
systematically across markets (Gorton, Hayashi and Rouwenhorst, 2013). A limitation of this
literature, however, is that it typically treats storage costs as exogenous or technologically
determined and implicitly assumes that inventories are fully redeployable across uses. As a
result, differences in downstream demand structure and obsolescence risk have played a limited

role in explaining cross-commodity variation in price and inventory responses.

A parallel and expanding literature examines the macroeconomic and financial effects of
geopolitical risk. Influential contributions develop news-based measures of geopolitical risk

that capture forward-looking tensions related to conflict, sanctions, and diplomatic breakdowns,



and show that such shocks affect asset prices, investment, and real activity primarily through
expectations and uncertainty rather than contemporaneous physical disruptions (Caldara and
lacoviello, 2022). More recent studies extend this framework to commodity markets,
documenting that geopolitical risk influences prices, volatility, and trade patterns across energy
and industrial commodities (see, e.g., Mignon and Saadaoui, 2024; Saadaoui, Smyth and
Vespignani, 2025). Most of this work, however, focuses on average price effects and treats
commodities as relatively homogeneous in their response to geopolitical shocks. The role of
inventories in mediating geopolitical risk, and the reasons why price and stockpiling responses

differ systematically across commodities, have received comparatively less attention.

A third strand of the literature focuses on critical minerals and the energy transition,
highlighting the growing importance of battery-related metals, supply-chain concentration, and
geopolitical vulnerability. Studies in this strand of literature document the strategic risks arising
from concentrated mining and refining, technological dependence, and evolving quality
standards in the critical minerals space (IEA, 2024; USGS, 2024a; Vespignani and Smyth, 2024
and Kang, Smyth and Vespignani, 2025). This literature often advocates strategic stockpiling
as a policy instrument to enhance supply security and mitigate geopolitical risk (IAI, 2024;
INSG, 2024; ILZSG, 2024). At the same time, however, recent contributions caution that
traditional stockpiling frameworks may be ill-suited to technology-specific and battery-linked
minerals, for which rapid innovation, quality differentiation, and shifting demand regimes raise
the risk of obsolescence and inventory mismatch (Olivetti et al., 2017; Xu et al., 2020; Mancheri
et al., 2018; Habib et al., 2020).

3. The Theory of Use-Specific Storage Premia

This section develops a parsimonious theory linking geopolitical risk, forward-looking demand
expectations, and inventory behavior to heterogeneous price and stockpiling responses across
metals. The central premise is that geopolitical deterioration affects commodity markets
primarily through expectations about future demand and market structure rather than through
contemporaneous supply disruptions. We show that when demand is broad and inventories can
be redeployed across uses, higher geopolitical risk raises the insurance value of inventories,
inducing precautionary stockpiling and amplifying price adjustment. By contrast, when demand
is narrowly concentrated in specific applications, inventories provide limited insurance against
future scarcity, generating high effective storage premia that constrain both stockpiling and

price responses. The mechanism that we propose, which is encapsulated in the theory of USSP



—formalizes how demand concentration and redeployability jointly determine whether

inventories function as an effective stabilization device under geopolitical uncertainty.

Formally, let G, denote a deterioration in geopolitical relations (i.e., a larger value
represents higher geopolitical risk). Geopolitical deterioration primarily affects commodity

markets through forward-looking demand expectations, rather than contemporaneous supply.

Expected future demand for metal i at horizon h is given by:

Et[Di,t+h] = D; — Gy, n =0 €Y

For globally traded industrial inputs, geopolitical deterioration reduces expected medium-term
industrial activity through delayed investment, trade frictions, and heightened uncertainty. The

parameter 7); captures the sensitivity of expected demand to geopolitical risk.
3.1. Microfoundation: The inventory holder’s problem

Consider a competitive inventory holder who chooses inventories I; , to maximize expected

discounted profits:

max [E; z p° [Pi,t+s+11i,t+s —Piiyslipes — T[ili,t+s] (2)

s=0
where P;, is the spot price, ; is the per-unit storage cost and inventories provide insurance

against future scarcity. The first-order condition yields the standard inventory Euler equation:

OWVie41

P =E; [Pi,t+1] —m; + (3)

where (0V; ¢4,/ 01;+) is the marginal insurance value of inventories.

We assume that this insurance value increases with geopolitical risk:

WVie41

= 0,Gy, 6; =0 (4)

This captures precautionary stockpiling: inventories become more valuable when geopolitical
risk raises the probability of future disruptions.

3.2. Stockpiling decision

Combining (3) and (4), inventory demand can be written in reduced form as:

liy =a; +p0;G. —vyimy, B,yi>0 (5)



Hence, the response of inventories to geopolitical deterioration is:

iy p e
ol O

Stockpiling increases with geopolitical risk whenever inventories provide effective insurance

(6; > 0).
3.3. Price determination with effective inventories

Spot prices reflect expected scarcity, which depends on both expected future demand and the

availability of effective inventories:?
Pir = phi + E[Dyprn] — BiIEE, a;, by >0 (7)
Effective inventories are defined as:
= oy, w; €[01] (®)

where w; measures redeployability across demand regimes. Broad-use metals have high w;;
specific-use metals have low w;.

Differentiating (7) with respect to G, and using (1) and (6) gives:

G,

= —a;n; — fb;w;0;, )

3.4. Broad-Use vs Use-Specific Metals

For broad-use metals (e.g., aluminum, copper and zinc):

n; >0,6;, >0, w; large (10)
From (6), stockpiling:
e _ o, > 0 11
e =po>0. ()

Geopolitical deterioration increases precautionary stockpiling.

From (9), prices:

0P;
Lt = —a;n; — ﬁbiwiQi < 0; (12)
dG;

2 We abstract from the contemporaneous market-clearing effect of inventory accumulation and focus on how
inventories affect prices through expected future scarcity.
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Prices fall because expected future demand declines, and precautionary inventories are effective

in relaxing expected scarcity.

For use-specific metals (e.g., nickel, tin, and energy storage metals such as cobalt, lithium,

manganese and graphite):

Where j represents use-specific metals and i represents broad-use metals. For use-specific
metals, geopolitical deterioration primarily reshapes demand composition rather than aggregate
expected demand. Limited redeployability across applications implies that inventories provide
only weak insurance against future scarcity, resulting in high effective storage premia.
Consequently, both precautionary stockpiling incentives and price responses to geopolitical risk

are substantially attenuated relative to use-specific metals.

From (6), stockpiling:

al: al;
_]'t Lt
3G, " 96, (14)
From (9), prices: 3
al)j,t aPl"t
Ia_th = | —an; — bjfjw;b;| K 'a_th (15)

Overall, broad-use metals exhibit a much larger price and stockpiling (in absolute value)
response to geopolitical deterioration, while price and stockpiling responses to geopolitical

deterioration are substantially attenuated for use-specific metals.

Proposition I: A deterioration in geopolitical relations reduces prices for broad-use metals, but

price responses for use-specific metals are substantially attenuated.

Proposition 2: A deterioration in geopolitical relations is accompanied by stronger
precautionary stockpiling responses for broad-use metals, while inventory responses for use-

specific metals are comparatively muted.

The proofs for both propositions are provided in Appendix A.

% Bquation (15) is derived under the maintained ordering assumptions that cross-metal differences in demand
sensitivity and inventory redeployability dominate potential differences in price sensitivities. This condition
ensures that the qualitative ranking of price responses is driven by differences in 7, and w8, rather than by
second-order variation in a; and by, (k = i, ).
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3.5. State-dependent transmission of geopolitical risk

While the first two propositions focus on average responses, a natural extension is that the
propagation of geopolitical risk is state dependent. If geopolitical deterioration raises
precautionary demand for strategic inventories and tightens the effective availability of metal
in spot markets, then the same shock should have larger price and stockpiling effects when
market conditions are already strained. In such states, the marginal unit of supply is costlier to
mobilize, inventories are less able to buffer shocks, and substitution or production responses

may be slower. This motivates an additional testable proposition.

Proposition 3: Price and stockpiling responses to deteriorating U.S.—China geopolitical
relations shocks are stronger in tight-market conditions (high-price/high-inventory-pressure

states) than in slack conditions, implying asymmetric impulse responses across quantiles.

Let S; denote market tightness, where higher values correspond to tighter market conditions
(high-price/high-inventory-pressure states). Furthermore, allow both stockpiling and price

responses to depend on market tightness S;. Formally:
Ii,t = Ii,t(Gt'St) (16)
Pi,t = Pi,t(Ii,t' Gy, St) (17)

State-dependent inventory and price responses:

6211-'1-
36,05, >0 (18)
62Pi't

36,05, <0 (19

Tighter market conditions raise the shadow value of inventories and strengthen precautionary
stockpiling in response to geopolitical risk. Because inventories are more effective at relaxing
scarcity when markets are tight, the amplified stockpiling response translates into larger price
declines in those states. This generates a state-dependent transmission mechanism whereby

geopolitical shocks have asymmetric effects across market conditions.
The proof for proposition 3 is provided in Appendix A.

4. Econometric Model

This section first discusses the data and the approach to identifying and measuring the dynamic
effects of geopolitical risks on markets for critical minerals. Initially, we employ SVAR to

identify an adverse and exogenous evolution in relations between the U.S. and China.
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Subsequently, we employ instrumental variable (IV) Local Projections and adds quantile Local
Projections to examine the evolution of metal markets. Second, we describe the data and method

used to quantify differences in downstream demand structure across metals.

4.1 Data used to examine the effect of geopolitical shocks on markets for critical minerals

Data used to examine the effect of geopolitical shocks on price and stockpiling responses are
from January 1995 to January 2025. The data on market conditions of metals is from the World
Bureau of Metal Statistics, which reports the harmonized physical quantities as well as market
conditions. The metals considered are aluminum, copper, zinc, tin and nickel, which are the
only metals for which there are long time series All metal market variables are given in
logarithmic form. This means that we use log levels rather than log differences. This is because
we prefer to have our estimated impulse responses (IRFs) represent deviations from pre-shock
levels of each market outcome, and because of persistence that is present in commodity prices

and quantities at a monthly frequency.

To quantify geopolitical conditions, we use the bilateral PRI between the U.S. and China
developed by Chinese political scientists (Yan & Qi, 2009; Yan et al., 2010). The PRI is based
on event-driven measurements of Sino-U.S. political interactions, which capture the intensity
and tone of their relations at a monthly frequency. It has been used previously to measure
geopolitical risk in oil markets (Mignon & Saadaoui, 2024; Saadaoui, 2025). To capture discrete
changes in Sino-U.S. relations that are unforeseen, we derive the second differences of the PRI
series. This has the advantage that it captures discrete changes in the evolution of relations
between the two countries that are associated with political incidents rather than smooth trends

that may be conflated with changes in fundamentals.

4.2 Step 1: SVAR identification of an exogenous geopolitical shock

The first step identifies a monthly geopolitical shock associated with an exogenous deterioration

of relations between the U.S. and China. Let y; denote the vector of variables entering the VAR,

y: = (PRI, m.)’, (20)

where PRI, is the PRI at time t and m, are the metal-market variables (prices, production,

consumption, inventories) at time t. The VAR is estimated with 12-month lags. The identifying
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restriction is imposed through a recursive ordering in which PRI, is placed first. Under this
ordering, the innovation to the PRI is contemporaneously orthogonal to innovations in metal-
market variables, while the PRI innovation is allowed to affect metal outcomes within the same

month.

The structural innovation to the PRI equation is interpreted as an exogenous
deterioration in U.S.—China relations. Dynamic responses are estimated in the second step using

local projections, which allows the propagation mechanism to be modeled flexibly.

4.3 Step 2: Local projections for dynamic responses

For each metal and each outcome x; (log price, log production, log consumption, or log

inventories), we estimate horizon-specific local projections of the form

Xesph = Ap + Bh It + 5;1Zt + ut+h,h = 0,1, ...,H, (21)

where g, denotes the SVAR-identified geopolitical shock, z, is a vector of controls that
includes lags of the relevant market variables (and any additional predetermined controls used
in the baseline specification), and H is the maximum horizon (48 months in the baseline
analysis). The coefficient sequence {f,}4_, is interpreted as the impulse response function of

outcome x to an exogenous deterioration in U.S.—China relations.

4.4 1V local projections and the role of geopolitical turning points

Although the SVAR shock is constructed to be contemporaneously orthogonal to metal-market
innovations, endogeneity concerns may still arise if the extracted shock correlates with omitted
determinants of future metal-market outcomes. To strengthen causal inference, we estimate IV
local projections in which the SVAR shock g, is instrumented by geopolitical turning points.
Formally, the IV local projection uses the same second-stage equation as above, but treats g; as

endogenous and instruments as follows:

q. = A%PRI,  (22)

where g, denotes geopolitical turning points. The identifying assumption is that turning points

are strongly correlated with unexpected geopolitical developments embedded in g;, while being
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orthogonal to metal-market fundamentals except through their effect on the underlying

geopolitical shock.

This IV strategy is designed to isolate the component of geopolitical variation that
reflects discrete political incidents (for example, abrupt escalations or reversals in bilateral
relations) rather than gradual changes that could be confounded with macroeconomic
conditions. Inference is based on the corresponding first-stage diagnostics and weak-

instrument-robust tests, which are discussed in Appendix B.

4.5 State dependence

To test the third proposition that price and stockpiling responses to deteriorating U.S.—China
geopolitical relations shocks are stronger in tight-market conditions (high-price/high-inventory-
pressure states) than in slack conditions, we study whether the dynamic response to the shock
of interest differs depending on whether the commodity is in a low- versus high-price regime.
For each metal (aluminum, copper, nickel, tin and zinc), we consider quantile-specific IRFs
evaluated at the 20th, and 80th percentiles of the price-state distribution. Let h = 0,1, ..., H
denote the IRF horizon and denote the estimated quantile impulse response by IRFI™ for q €
{0.20,0.80}. The key object for measuring state dependence is the cross-quantile spread
D2080(W) = JRF020(h) _ JREFO80(M) - which is interpreted as the difference in the shock
transmission when the commodity starts in a low-price state (Q20) versus a high-price state
(Q80). Inference is conducted horizon-by-horizon. To account for dependence across horizons

in the estimated spread series, we compute uncertainty using a moving-block bootstrap, yielding

DZO,SO(h)

horizon-specific standard errors SE(%). We then form Wald-type statistics Z(h) = and

TsEM
corresponding two-sided p-values. Because testing is repeated across many horizons, we also
report results with Benjamini—Hochberg false discovery rate (BH-FDR) adjustment within each
commodity/quantile-pair comparison. In the main figures, horizons with conventional

significance are highlighted to emphasize where the state dependence is most pronounced.

Econometrically, the sign of D?%8°(") is central. A positive spread implies the shock
produces a larger response in the low-price regime than in the high-price regime (stronger
adjustment from depressed conditions). A negative spread implies the shock produces a larger
response in the high-price regime (amplification under tightness/elevated-price conditions).

Mixed signs across horizons indicate that different mechanisms dominate at different lags.
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We estimate quantile-specific IRFs at the 20th, and 80th percentiles (Q20, Q80) of the
conditional distribution. To summarize state dependence, we focus on the cross-quantile spread
D?080(h) = JRF0-20(h) _ JRF080(R) at each horizon h. Positive values indicate that the shock
has a larger effect in low-market states (Q20) than in high-market states (Q80); negative values
indicate the opposite. Statistical inference is conducted horizon-by-horizon using moving-block

bootstrap standard errors, with BH-FDR adjustments across horizons reported in Appendix C.

4.6. Data and method used to quantify differences in downstream demand structure across

metals

To quantify differences in downstream demand structure across metals, we construct a metal-
level measure of use-specificity based on end-use concentration. Specifically, use-specificity
is measured using a normalized Herfindahl-Hirschman Index (HHI) computed over end-use

shares for 2024. For metal m, the index is defined as

2 1

e . Zismi_zvm
Use Specificity,, = ?, (23)
where s,,,; denotes the midpoint share of end-use i in total demand for metal m, and N,,, is the
number of end-use categories. The index is bounded between 0 and 1, with O indicating
perfectly diversified (broad use) demand and 1 indicating fully concentrated demand in a single

use.

Because we provide cross-sectional evidence on use-specificity for 2024, we can do so
for a broader range of metals for which there are data. Hence, in addition to aluminum, copper,
zinc, tin and nickel, we compute use-specificity for lithium, cobalt, manganese and graphite.
End-use shares for copper and aluminum are sourced from the USGS Minerals Yearbook/
Mineral Commodity Summaries; data on zinc is sourced from the International Lead and Zinc
Study Group (ILZSG); data on nickel is from the International Nickel Study Group (INSG);
data on tin is from the International Tin Association (ITA); and data on lithium, cobalt,

manganese and graphite is sourced from a combination of USGS, IEA, and industry reports.
5. Results

This section presents the results showing how metal prices and stockpiling respond to
deterioration in U.S.—China geopolitical relations, interpreted as shocks to forward-looking
demand expectations. We first document baseline price and inventory responses for broad-use

and use-specific metals, then examine whether these effects vary across market conditions using
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quantile methods. Finally, we relate average responses to a metal-level use-specificity index to

assess the cross-sectional validity of the USSP.
5.1 Responses of metal prices to deteriorating U.S.—China geopolitical relations

Figure 3 shows the response of metal prices to deteriorating Sino-U.S. geopolitical relations.
Aluminum appears in the first row (left panel), copper in the first row (right panel), nickel in

the second row (left panel), tin in the second row (right panel), and zinc in the third row.

Price declines in response to deteriorating U.S.—China geopolitical relations are negative
and statistically significant for broad-use industrial metals. Aluminium exhibits a statistically
significant price decline between 24 and 36 months, reaching a maximum decline of —0.21 after
approximately 28 months. Copper shows a significant negative response between 24 and 32
months, with the largest decline of —0.32 occurring after about 29 months. Zinc displays a
delayed but persistent significant decline between 30 and 42 months, with the maximum decline

of —0.29 realised at around 42 months.

However, no statistically significant negative price responses are observed for the use-
specific metals - tin and nickel - at any horizon. The absence of significant declines for these
metals is consistent with high use specificity and associated storage premia, which weaken

intertemporal arbitrage and limit price adjustment following geopolitical shocks.

These results are consistent with the first proposition from the USSP. Broad-use metals
exhibit significant price declines because diversified demand supports inventory-based
intertemporal arbitrage, while elevated storage premium for use-specific metals suppress
stockpiling and weaken price adjustment. The muted responses of nickel and tin, therefore,

reflect structural limits to storage-driven stabilization under high use specificity.
5.2 Responses of metal stockpiling to deteriorating U.S.—China geopolitical relations

Figure 4 shows stockpiling responses to a deterioration in the U.S.—China geopolitical
relationship, following the same panel layout as Figure 3: aluminium appears in the first row
(left panel), copper in the first row (right panel), nickel in the second row (left panel), tin in the

second row (right panel), and zinc in the third row.

Statistically significant stockpiling responses are observed only for broad-use industrial metals.
Aluminium (first row, left) exhibits a statistically significant increase in stockpiling between 20
and 40 months, reaching a maximum response of approximately 0.04 at around 38 months.

Copper (first row, right) shows a statistically significant stockpiling response over a wider

15



horizon, from ten to 40 months, peaking at about 0.04 after roughly 35 months. Zinc (third row)
displays a more delayed and short-lived significant response, with stockpiling becoming
statistically significant between 37 and 39 months and reaching a maximum of approximately

0.021 at around 38 months.

In contrast, no statistically significant stockpiling responses are detected for nickel
(second row, left) and tin (second row, right) at any horizon. The absence of significant
inventory accumulation for these metals is consistent with high use specificity and associated
storage premia, which discourage stockpiling despite heightened geopolitical risk. Together
with the price responses in Figure 3, these results indicate that inventory-based stabilisation

operates primarily for broad-use metals.

The stockpiling responses in Figure 4 are consistent with the second proposition from
the USSP. Broad-use metals exhibit significant inventory accumulation because diversified
demand lowers effective storage premium and supports precautionary stockpiling under
geopolitical risk. In contrast, elevated storage premia for use-specific metals discourage
inventory accumulation, leaving stockpiling largely unresponsive despite heightened U.S.—

China tensions.

5.3 Responses of metal prices and stockpiling to deteriorating U.S.—China geopolitical

relations across market states

Figures 3 and 4 document average price and stockpiling responses to geopolitical deterioration.
However, these average effects may mask important heterogeneity across market conditions.
To account for potential state dependence, this section examines how the responses of metal
prices and stockpiling vary across the conditional distribution of outcomes using quantile
regression. By estimating impulse responses at different quantiles, the analysis allows the
effects of U.S.—China geopolitical shocks to differ between low-, median-, and high-market
states, capturing asymmetries associated with tight versus slack markets, or periods of relatively
low versus high prices and inventory conditions. This approach provides a way of testing of the

third proposition that price and stockpiling responses are stronger in tighter markets.

The quantile IRFs in Figure 5 indicate heterogeneous state dependence across metals. For
copper, the Q20 — Q80 spread is largely positive over mid horizons, forming a broad hump with
statistically significant positive differences concentrated around the peak. This implies that the
geopolitical deterioration shock produces larger responses in low-price states than in high-price

states for copper. Aluminium exhibits a similar but more gradual pattern: the spread is close to
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zero at short horizons and becomes more positive later, with significant positive differences
appearing at selected mid-to-late horizons. Taken together, these results suggest stronger

adjustment from low-price regimes in the two largest and most liquid markets.

Tin and zinc display the opposite pattern. Tin shows a pronounced and sustained negative
Q20 — Q80 spread over intermediate horizons, with multiple significant negative horizons,
indicating that responses are stronger in high-price states. Zinc also tends negative, though the
divergence is more gradual and becomes most evident toward longer horizons, with significant
negative differences concentrated late in the horizon range. This combination is consistent with
a setting in which geopolitical shocks are more strongly amplified when markets are already
tight, particularly for tin and (at longer horizons) zinc. Nickel presents mixed evidence of state
dependence. The Q20 — Q80 spread fluctuates around zero, features a significant negative
difference at mid-horizon, and turn positive at the far end of the horizon range with a significant
positive point. This sign switching suggests that different mechanisms dominate at different
lags, producing horizon-dependent nonlinear propagation rather than a uniform amplification

in either low- or high-price regimes.

These results provide mixed support for our third proposition. The quantile evidence
rejects a one-size-fits-all description of regime dependence across metals. Copper and
aluminium exhibit stronger responses in low-price states, whereas tin and zinc exhibit stronger
responses in high-price states, and nickel shows horizon-dependent sign changes. Appendix C
provides the full set of quantile IRFs, while Appendix D shows the LP-VAR and the complete

bootstrap and multiple-testing-adjusted inference output underlying these conclusions.

5.4 Relating average responses to deteriorating U.S.—China geopolitical relations to a metal-

level use-specificity index to assess the cross-sectional validity of the USSP

Table 1 reports the use-specificity index for 2024 calculated using Equation (23) across energy-
storage and non-energy-storage metals. It highlights substantial heterogeneity in downstream
demand concentration. Among non-energy-storage metals, aluminium and copper exhibit low
use-specificity values (approximately 0.17 and 0.12, respectively), consistent with their broad
application across multiple industrial sectors. Zinc also displays relatively low use-specificity
(around 0.29), though with somewhat greater concentration than aluminium and copper. In
contrast, tin shows a markedly higher use-specificity index (approximately 0.58), reflecting its

more concentrated end-use profile despite being classified as a non-energy-storage metal.
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Energy-storage metals display systematically higher levels of use-specificity. Nickel
exhibits a high index value (around 0.61), reflecting its increasing reliance on battery-related
applications alongside more traditional uses. Lithium and manganese record very high use-
specificity values (approximately 0.72 and 0.78, respectively), indicating demand that is
overwhelmingly dominated by a narrow set of battery and energy-storage applications. Cobalt
and graphite also exhibit high use-specificity indices (around 0.56 and 0.66), consistent with
their central role in battery cathode and anode technologies. This table confirms that energy-
storage metals are characterised by substantially more concentrated demand structures than
most traditional industrial metals, providing empirical support for the distinction between

broad-use and use-specific markets central to the USSP framework.

Figure 6 plots metals use-specificity to their average price response to geopolitical
deterioration. The x-axis reports the use-specificity index. The y-axis reports the average price
response over 48 months. Each point corresponds to a metal and is labelled by name. Metals
are grouped by color into broad-use (aluminum, copper, zinc) and use-specific (nickel, tin), as

indicated in the legend. A fitted linear trend line is drawn through the cloud of observations.

There is a strong positive association between use-specificity and price response: metals
with higher use-specificity (nickel and tin) exhibit near-zero or slightly positive average price
responses, whereas broad-use metals with lower use-specificity indices (aluminum, copper,
zinc) display more negative average price responses over the 48-month horizon. The
upward-sloping fitted line summarizes this pattern, indicating that prices fall more in response

to geopolitical risk for broadly used metals and are much less attenuated for use-specific metals.

Figure 7 plots relating metals’ use-specificity to their average stockpiling response over
a 48-month horizon following geopolitical deterioration. The x-axis reports the use-specificity
index (higher values indicate more use-specific end uses). The y-axis reports the average
stockpiling response over 48 months (in the same response units used in the empirical
specification). Points are labeled by metal, and a fitted linear trend line is overlaid. Metals are
color-coded into two groups: broad-use metals (aluminum, copper, zinc) and use-specific
metals (nickel, tin). The plot suggests that there is a strong negative association between use-
specificity and stockpiling: metals with lower use-specificity exhibit larger positive stockpiling
responses, while metals with higher use-specificity exhibit muted stockpiling responses.
Quantitatively, the correlation between the use-specificity index and the 48-month average
stockpiling response is —0.964, and the fitted line slopes downward accordingly. Visually, the

three broad-use metals cluster at the low end of the use-specificity index and sit higher on the
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stockpiling axis, whereas nickel and tin lie at substantially higher use-specificity values with

comparatively small stockpiling responses.

Taken together, Figures 6 and 7 provide direct empirical support for the USSP
framework. The joint patterns—more negative price responses and stronger stockpiling for
broad-use metals, alongside muted price and inventory responses for use-specific metals—are
precisely what the theory predicts when forward-looking demand concentration increase
effective storage premia. For broad-use metals, diversified downstream demand limits
obsolescence risk and preserves the option value of inventories, allowing agents to respond to
geopolitical deterioration by accumulating stocks, which in turn amplifies price adjustments. In
contrast, for use-specific metals, narrow end-use profiles and higher demand-regime risk
substantially increase the expected cost of holding inventories, discouraging stockpiling even
in the face of heightened geopolitical uncertainty. As a result, prices for these metals do not
exhibit the same negative response, and inventories play a limited role in market adjustment.
These findings corroborate the central USSP mechanism: use-specificity constrains both
optimal inventories and the price-stabilization capacity of stockpiling, implying that strategic
reserves are inherently less effective for highly use-specific critical minerals despite their

strategic importance.

A final implication of these results is that they provide a basis for informed inference
for energy-storage metals such as lithium, cobalt, manganese, and graphite, for which long
time-series data suitable for econometric analysis are not yet available. While these metals
cannot be directly incorporated into the empirical framework for which we present results in

Sections 5.1-5.3, their end-use characteristics closely resemble those of nickel.
6. Conclusion

This paper studies how geopolitical risk affects metal prices and stockpiling when demand is
unevenly distributed across end uses. Motivated by the growing importance of battery-linked
minerals and critical minerals for the energy transition, Al technologies, and national security,
we develop the Theory of USSP, which highlights how demand concentration and
redeployability constraints raise effective storage costs and limit the stabilising role of
inventories. The theory predicts that geopolitical deterioration should generate stronger price
and inventory responses for broad-use metals than for use-specific metals, even when both are

exposed to similar geopolitical environments.
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Using deterioration in U.S.—China political relations as shocks to forward-looking
demand expectations, we provide empirical evidence consistent with these predictions. Broad-
use metals, such as aluminium, copper, and zinc, exhibit significant and persistent price declines
and precautionary stockpiling responses following geopolitical deterioration, while use-specific
metals, such as nickel and tin, display muted or statistically insignificant responses. These
findings are robust across horizons and alternative specifications and are further supported by
cross-sectional evidence linking use-specificity directly to average price and stockpiling
responses. We further show that these responses exhibit meaningful state dependence, with both
the strength and the direction of adjustment varying across market conditions in a metal-specific

and horizon-dependent manner.

The results have important implications for the design of strategic stockpiling policies.
While inventories can function as an effective stabilisation device in markets with diversified
demand, the same policy instruments are structurally less effective for highly use-specific and
battery-linked metals. For these materials, elevated endogenous storage premia and
redeployability constraints limit the ability of inventories to smooth prices or insure against
geopolitical risk, even when strategic importance is high. This suggests that policies aimed at
securing availability—such as contractual arrangements, processing capacity backstops, and
standards that enhance redeployability—may be more effective than traditional physical

stockpiling.

Finally, although data limitations prevent a direct econometric analysis of several key
energy-storage metals, including lithium, cobalt, manganese, and graphite, the framework
developed in this paper provides a basis for informed inference. The strong empirical
relationship between use-specificity and market responses observed for the metals analysed
suggests that highly concentrated battery metals are likely to face similar constraints on
stockpiling and price stabilisation under geopolitical risk. Future research could extend this
analysis as longer time series become available or explore how technological change and

recycling may alter use-specificity and storage premia over time.
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Tables and Figures:

Table 1: Use-Specificity and Demand Concentration across Energy-Storage and Non-Energy-
Storage Metals

Non-Energy-Storage Metals

Metal Use-specificity index Interpretation

Aluminium ~0.17 Low—medium

Copper ~0.12 Low (broad-use)

Tin ~0.58 High

Zinc ~0.29 Low
Energy-Storage and Non-Energy-Storage Metals

Metal Use-specificity index Interpretation

Nickel ~0.61 High (rising)

Lithium ~0.72 Very high (battery-dominant)

Cobalt ~0.56 High

Manganese ~0.78 Very high (single-industry dominant)

Graphite ~0.66 High (battery-anode driven)
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Figure 1: End-use Composition of Non-energy and Energy Storage Metals.
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Figure 2: Political Relationship Index U.S.-China
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Figure 3: Price Response to U.S.-China Political Tensions (Forward-Looking Demand
Intrument)
(a) Aluminum (b) Copper
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Figure 4: Stockpiling Response to U.S.-China Political Tensions (Forward-Looking Demand)
(a) Aluminum (b) Copper
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Figure 5: State dependence in quantile impulse responses: Q20—-Q80 spread following U.S.—
China geopolitical deterioration shocks
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Figure 6: Use-specificity vs Price Response to U.S.-China Political Tensions Shocks for
Broad-use and Use-specific Metals
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Figure 7: Use-specificity vs Stockpiling Response to U.S.-China Political Tensions Shocks
for Broad-use and Use-specific Metals
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Appendix A: Proofs of Propositions

A.1 Proof of Proposition 1

From equation (9) in the main text, price responses satisfy:

oP;
5 = ~am - b, (A1)

For broad-use metals,
Zit <0 as ;> 0,0, >0,and6; >0 (A.2)
t

For use-specific metals,

v | 3¢ | | as 1 KNy, 0; K6, wj <Kw; €[01]  (A.3)

A.2 Proof of Proposition 2

From equation (6) in the main text, inventory responses satisfy:

01i,t _
26, — po;, (A4)
For broad-use metals,
0;>0=>—2=>0 (A.5)
aat
For use-specific metals,
0; K 0; =>—= (A.6)

J a Gt act
A.3 Proof of Proposition 3
Assume geopolitical risk induces stockpiling:

>0 (AT

Suppose that the shadow value of inventories is increasing in market tightness S;, reflecting

higher scarcity rents and lower short-run supply elasticity. Then:

azli't
4G, S,

> 0 (A.8)

Let equilibrium prices be decreasing in inventories, with inventories more price-effective in

tight states:
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aPi't

<0, (A9)
62Pi’t

From equations (16) and (17) in the main text, using the chain rule:
aPi’t _ aPi't (all’t) (BPl't)
G, <61i,t) 3G + 3G, I’i.r (A.11)
Differentiating with respect to S; yields:
62Pi,t _ aZPi_t (ali't) aPi‘t ( azli,t ) d [ (6Pi,t) ]
3G 8Sy <61i,t as. ) \ac, + 1. ) \0Gas; + as. L \ac, I’i.t (A.12)

The first two terms are strictly negative. Assuming the direct price effect of geopolitical risk

at fixed inventories is not increasingly positive in tighter states:
[7] oP; t) ]
— —_— <
ol Ge)ln] =0 @

implies:

aZPi’t
3G, 0S;

<0 (A.14)
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Appendix B: Instrument Diagnostics and Identification

This appendix includes a detailed explanation of the identification strategy and the diagnostic
tests for the local projection results discussed. First, the statistical significance and
orthogonality conditions of the instrument will be shown for the local projection methodology.
Second, the interpretation of the endogeneity tests, and the weak instrument tests will be

discussed.

The identification strategy involves two steps. First, a structural VAR is estimated with
the ordered variable: the bilateral Political Relationship Index between the United States and
China, ahead of the variables representing the metal prices, production, consumption, and
inventories. A Choleski decomposition is performed to ensure that the innovations affecting the
Political Relationship Index (PRI) are contemporaneously orthogonal to the innovations
affecting the variables representing the metals markets. Thus, the orthogonalized innovation
can be seen as an exogenous change in the relations between the United States (U.S.) and

China.*

In the second step, this structural geopolitical shock is propagated through local
projections. In order to further improve causal inference and address endogeneity concerns that
might persist, this orthogonalized geopolitical shock is instrumented with geopolitical turning
points, which are represented by the second differences of the PRI. This measures sudden and
discrete movements in bilateral relationships that are linked to unexpected political events,
rather than smooth or fundamentals-linked movements. The identifying assumption is that these
turning points are orthogonal to metal market fundamentals while being highly correlated with

this structural geopolitical shock.

To evaluate instrument relevance, Figure B1 display scatter plots of the relationship
between geopolitical turning points and the structural geopolitical shock in aluminum, copper,
zinc, and nickel, respectively. A strong and statistically significant positive relationship exists
in each case, thus confirming that geopolitical turning points are informative about the

underlying geopolitical shock.

In all metals and for all horizons, the first-stage F-statistics are substantial and very large
in magnitude, generally between 70 and 180, with corresponding partial R-squared values
between 0.70 and 0.80. These values are well beyond the weak instruments critical values and

remain large at long horizons. This verifies that the instrument is relevant. Well-behaved first-

4 Exogenous to the metal market variables.
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stage statistics validate that geopolitical turning points are strong predictors of the instrumented

structural geopolitical shock. The exclusion restriction implies that the effect of the turning

points in geopolitics on metal prices and inventories must operate solely via the effect of the

identified geopolitical shock. This assumption is tested empirically by performing tests of

orthogonality.

Figure B1. Instrument relevance
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step.
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Figure B2. Orthogonality with respect to metal prices
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Notes: This figure shows the contemporaneous relationship between changes in U.S.—China geopolitical tensions,
measured by the second difference of the PRI (A?PRI), and the change in the metal prices. The fitted line is
essentially flat and the correlation is statistically indistinguishable from zero, indicating that changes in
geopolitical tensions do not directly proxy for contemporaneous metal price shocks.
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Figure B3. Orthogonality with Respect to Metal Stocks

(a) Aluminum (b) Copper
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Notes: This figure shows the contemporaneous relationship between changes in U.S.—China geopolitical tensions,
measured by the second difference of the PRI (A?PRI), and the change in metal stocks. The fitted line is essentially
flat and the correlation is statistically indistinguishable from zero, indicating that changes in geopolitical tensions
do not directly proxy for contemporaneous metal price shocks.
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Appendix Figures B2 and B3 present scatter plot correlations between geopolitical turning
points and corresponding changes in prices and inventories for the different metals. In each
figure, we see that the fitted lines are horizontal and that these correlations are statistically
indistinguishable from zero. This shows that the effect of geopolitical turning points on metal
prices and stocks transit overwhelmingly through the state of the bilateral relation between

China and the U.S. and thus validates our exclusion restriction.

Complementing these visual diagnostics, we conduct C-tests for each horizon for each
metal. Both across metals and at different horizons, the C-statistics fail to reject the null of

exogeneity in each case except aluminum inventories at impact.
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Appendix C: Price and Stockpiling Responses to U.S.-China Political Tensions across

Market Conditions

Figure C1: Price Response to U.S.-China Political Tensions across Market Conditions

(a) Aluminum (b) Copper
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Figure C2: Stockpiling Response to U.S.-China Political Tensions across Market Conditions

(a) Aluminum (b) Copper
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Appendix D. Quantile Local Projections (LP-VAR): Model, Inference, and Tests

This appendix provides the technical specification of the LP-VAR (quantile local projection)
framework used to estimate state-dependent impulse responses and the inference procedures

used for cross-quantile spread tests.

D.1 Quantile local projection specification
For each metal i and horizon h = 0,1,...,H, we estimate the conditional g-quantile of the future

outcome Yy; ¢4py given information at time t via a horizon-specific quantile regression:

Qq(yi,t+h | It) = ai,h(Q) + ﬁi,h(q)st + yi,h(q) Xt (D'l)
The quantile impulse response at horizon h is defined as the coefficient on the shock:

IRFi () = B,,(@),  (D2)

D.2 Cross-quantile spread (state dependence measure)
State dependence is summarized by the difference between the low-state (Q20) and high-state

(Q80) quantile impulse responses:
Di,20,80(h) = IRFi,o.zo(h) - IRFi,o.so(h) = ,Bi,h(o-zo) - ﬂi,h(0-80)' (D.3)

D.3 Moving-block bootstrap standard errors
Let D; 50805 (h), b = 1,...,B, denote the bootstrap draws of the spread at horizon h obtained
from a moving-block bootstrap. The bootstrap standard error is computed horizon-by-horizon

as:

A 2
)

1 * *_
SE [Di,ZO,BO(h)] = 51 b=1 (Di,20,80,b (h) - Di,20,80(h)) (D.4)

* 1 *
D;3080(0) = B b=1 D; 30,806 (M), (D.5)

D.4 Horizon-by-horizon test for state dependence
To test for state dependence at each horizon h, we test the null hypothesis HO: Dy; 50 g03n) = 0

using a Wald-type statistic:

Z,(h) = ~izom®) (D.6)
SE[Djz20,80(h)]

The corresponding two-sided p-value is:
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pi(h) = 2[1—o(1Z;(WD], (D.7)
where ®(+) denotes the standard normal CDF.

D.5 Multiple-testing adjustment (Benjamini—-Hochberg false discovery rate)
Within each metal, we adjust horizon-by-horizon p-values for multiple comparisons using the
Benjamini—-Hochberg false discovery rate (BH-FDR) procedure at level a (e.g., a = 0.05). Let

Py <..<p (m) denote the ordered p-values across the m = H+1 horizons. Define:
. k
k= max{k e{1,..,m} P < Ea}, (D.8)

Horizons with p;) < py. are deemed significant under BH-FDR.
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