
Critical Mineral and Material Supply Availability and
Energy System Development: A Multisector
Analysis and Implications
Yang Qiu 

Pacific Northwest National Laboratory https://orcid.org/0000-0003-4772-5079
Brinda Yarlagadda 

Pacific Northwest National Laboratory
Neal Graham 

Pacific Northwest National Laboratory
Matthew Binsted 

Pacific Northwest National Laboratory
Pralit Patel 

Pacific Northwest National Laboratory
Marshall Wise 

Pacific Northwest National Laboratory
Allen Fawcett 

Pacific Northwest National Laboratory
Maggie Liu 

Pacific Northwest National Laboratory
Siddarth Durga 

Pacific Northwest National Laboratory
Nathan Wiens 

Pacific Northwest National Laboratory
Anastasiia Zagoruichyk 

Pacific Northwest National Laboratory
Gokul Iyer 

Pacific Northwest National Laboratory

Research Article

Keywords:

https://doi.org/10.21203/rs.3.rs-10492347/v1
https://doi.org/10.21203/rs.3.rs-10492347/v1
https://orcid.org/0000-0003-4772-5079


Posted Date: July 28th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10492347/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: The authors declare no competing interests.

https://doi.org/10.21203/rs.3.rs-10492347/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

Critical Mineral and Material Supply Availability and Energy System 1 

Development: A Multisector Analysis and Implications 2 

Yang Qiu1, *, Brinda Yarlagadda1, Neal Graham1, Matthew Binsted1, Pralit Patel1, Marshall Wise1, 3 

Allen Fawcett1, Maggie Liu1, Siddarth Durga1, Nathan Wiens1, Anastasiia Zagoruichyk1, Gokul Iyer1
 4 

1. Joint Global Change Research Institute, PaciƱc Northwest National Laboratory, College Park, 5 

Maryland, USA, 20740 6 

 7 

* Author to whom any correspondence should be addressed. 8 

Corresponding Author E-mail: yang.qiu22@pnnl.gov 9 

 10 

 11 

Abstract 12 

Critical minerals and materials are essential to energy systems and the broader economy, yet 13 

securing adequate supply amid rapidly rising demand faces physical and geopolitical challenges. 14 

We enhance the Global Change Analysis Model to endogenously represent material demand 15 

across multiple energy sectors and assess the multisector implications of material supply 16 

availability. Results show that material production constraints generate system-wide impacts 17 

through cross-sector interdependencies, with changes in one sector propagating throughout others 18 

in the system, aƯecting technology deployment, energy service demand, and prices. Halving 2050 19 

bulk material production (i.e. steel, aluminum, and copper) relative to an unconstrained scenario 20 

increases U.S. electricity prices by 39%–70% and electric vehicle service costs by 36–85%. 21 

Equivalent constraints on specialty materials (e.g., lithium, neodymium, platinum, etc.) raise those 22 

costs by up to 11% and 40%, respectively. These Ʊndings highlight the importance of integrated, 23 

economy-wide approaches to understanding the energy–materials nexus under supply risk. 24 
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Introduction 26 

Critical minerals and materials (CMMs) are fundamental to the development of many sectors in the 27 

global economy, including energy, transportation, and others. The rapid expansion of these sectors 28 

is expected to substantially increase the demand for a wide range of CMMs in the coming 29 

decades1,2. However, ensuring a stable and secure supply of these materials to meet rapidly 30 

growing demand faces multiple challenges. These include long lead times for mine development3,4, 31 

increasing geopolitical and trade risks5, high concentration of mining and reƱning in a few 32 

countries6, and concerns about environmental and social impacts7,8. Such challenges raise 33 

concerns about the availability, aƯordability, and security of critical minerals, with potential 34 

implications for the pace and cost of global energy system evolution9,10. 35 

Existing studies have estimated future material demand across key energy sectors under various 36 

socioeconomic and energy system development scenarios11–14. More recent analyses have 37 

explored how material price changes15–17 or production constraints18–20 might inƲuence speciƱc 38 

sectors or technologies. However, these analyses examine the impacts of material supply 39 

constraints on technologies within a single-sector context, limiting the ability to capture cross-40 

sectoral linkages and their competition for Ʊnite CMM supply. Sectors such as electricity 41 

generation, transportation, and industry are deeply interconnected through material and energy 42 

uses11. Hence, analyzing one sector in isolation overlooks these interdependencies and may bias 43 

the results. Therefore, there is a need to understand how constraints on CMMs propagate through 44 

multiple economic sectors and identify which sectors are more resilient or more exposed2,21. Such 45 

understanding can provide important insights to inform management of risks. Our study addresses 46 

the need for a multisectoral perspective on CMMs.  47 
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The primary objective of this study is to examine how material supply availability inƲuences energy-48 

related sectors, with a focus on sectoral material demand, technology deployment, and associated 49 

service output and costs. SpeciƱcally, we Ʊrst quantify the future global material demand from 50 

multiple sectors. These sectors include electricity (both generation and transmission & distribution 51 

(T&D)), transportation, and hydrogen production. Second, we evaluate how production constraints 52 

of each material may aƯect the demand for other materials and its own demands across diƯerent 53 

sectors. Third, we analyze how these constraints inƲuence technology deployment: characterizing 54 

the material–energy nexus at both sectoral and technological levels and evaluating the resulting 55 

implications for sectoral service output (i.e., electricity generation, passenger/freight travel, 56 

hydrogen production) and costs. 57 

We accomplish these objectives by building on our previous work and expanding the capability of 58 

the Global Change Analysis Model (GCAM)19,22—a state-of-the-art, integrated, multisector model—59 

to represent material demands across key end-use sectors (i.e. electricity, transportation, and 60 

hydrogen production). A detailed method of modeling material demand from these sectors is 61 

provided in Supplementary Note 1.  We consider a total of 13 materials in this study. These include 62 

three bulk materials—steel, aluminum (Al), and copper (Cu)—which are industrial metals with 63 

broad cross-sectoral applications and high production volume. The remaining ten are specialty 64 

materials: silicon (Si), lithium (Li), graphite, cobalt (Co), nickel (Ni), manganese (Mn), neodymium 65 

(Nd), tellurium (Te), vanadium (V), and platinum (Pt). Compared with bulk materials, these specialty 66 

materials serve technology-speciƱc functions and generally have lower global production volumes. 67 

These 13 materials are included due to their importance to the development of modern energy 68 

technologies and the potential supply uncertainties with many of them. Using this enhanced 69 

modeling framework, we estimate future material demand across multiple sectors and explore how 70 

constraints on material supply availability could aƯect sectoral development. 71 



4 

 

We design a suite of exploratory scenarios to evaluate how material supply availability might 72 

inƲuence sectoral material demand, technology deployment, and associated service output and 73 

costs. All scenarios follow a business-as-usual energy system development, which assumes future 74 

development largely based on relative economics starting from current trends but without any 75 

additional policy interventions. The key variation across scenarios lies in the material supply 76 

availability. The Central scenario assumes no constraint on annual production of all 13 materials, 77 

and it serves as the reference to compare other scenarios against. By contrast, the Constrained 78 

scenarios impose exogenous, sector-speciƱc, annual production constraints on each of the 79 

materials. Because material demand accounting in GCAM currently covers a subset of end-use 80 

sectors, the production constraints are designed to limit future material supply for three energy 81 

sectors: electricity (both generation and T&D), transportation, and hydrogen production. For each 82 

material, we construct the constraint by interpolating from the estimated 2025 demand (for these 83 

three sectors) to alternative 2050 production levels set at 25%, 50%, and 75% of the corresponding 84 

2050 demand in the Central scenario (Table 1). These alternative 2050 levels represent varying 85 

degrees of supply stringency, enabling us to evaluate how uncertainty in material availability aƯects 86 

model outcomes. 87 

In GCAM, the annual production constraints of materials aƯect technology deployment by 88 

generating an endogenous shadow price, which reƲects the marginal value of the constrained 89 

material. This shadow price raises the material price, which increases technology costs, reduces 90 

their cost competitiveness, and ultimately lowers deployment so that material demand and supply 91 

remain in equilibrium. These exploratory scenarios provide a broad range of potential supply 92 

conditions, allowing us to assess how varying degrees of material scarcity inƲuence the future 93 

evolution of key sectors. By applying the same levels of constraints across materials, we can also 94 

compare their relative impacts on diƯerent technologies and identify which materials exert the 95 
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greatest inƲuence on technology deployment and sectoral outcomes. This approach further 96 

enables us to examine potential nonlinear eƯects of supply availability on sectoral service output 97 

and cost. 98 

Results 99 

Multi-sector demand for critical minerals and materials 100 

Our results show that energy system expansion and technology deployment drive the future 101 

demand growth of the 13 materials in the modeled energy sectors (i.e. electricity, transportation, 102 

and hydrogen production). In the Central scenario, total global material demand from these sectors 103 

increases by a factor of 1.6 (steel) to 5.5 (Li) from 2025 to 2050. The electricity and transportation 104 

sectors dominate demand for nearly all materials.  105 

Within the modeled energy sectors, Cu demand is driven not only by electricity generation and 106 

transportation but also by substantial needs in electricity T&D. By 2050, T&D alone is projected to 107 

require 7.7 Mt of Cu, about 40% of demand from these energy sectors. Li, graphite, Co, Ni, and Mn, 108 

with their applications in Li-ion batteries, see rapidly rising demand due to the adoption of battery 109 

electric vehicles (BEVs). Beyond batteries, the increasing demands of Ni and Mn are also due to 110 

their role in steel alloys used in vehicle and energy technology manufacturing. Nd demand grows 111 

with the use of Neodymium-Iron-Boron (NdFeB) permanent magnets in wind turbines and 112 

transportation applications. V demand reƲects both its use in steel alloys and its emerging role in 113 

vanadium Ʋow batteries; the latter becomes the dominant source of V demand by 2050, raising 114 

total V demand (from electricity and transportation sectors combined) to ~0.1 Mt, which is 115 

approximately equal to 2024 global production of V. Pt demand is overwhelmingly driven by the 116 

adoption of fuel cell electric vehicles (FCEV), reaching 0.66 kt in 2050, while Pt needs in hydrogen 117 
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production remain comparatively small because electrolyzers use much less Pt and hydrogen 118 

production continues to be dominated by steam methane reforming, which does not require Pt.  119 

Overall, GCAM’s projected material demands are broadly comparable to other published 120 

estimates, particularly for the electricity and transportation sectors. DiƯerences remain in certain 121 

emerging sectors, reƲecting variations in technology deployment pathways and modeling 122 

assumptions across studies. A detailed comparison of material demand estimates is provided in 123 

Supplementary Note 3. 124 

 

 

Figure 1. Global material demand across sectors under Central scenario (no constraint on 
material annual production) 

EƯects of individual material production constraint on demand for other materials 125 

Constraints on individual materials can aƯect the demand for other materials through technology 126 

linkages and substitution eƯects. Constraints on bulk materials (i.e., Steel, Al, and Cu) have 127 

particularly broad impacts, reducing demand for nearly all other materials. For example, a 50% 128 
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production constraint on steel reduces the demand for all other materials, with percentage 129 

declines ranging from 17% to 72%. Similar patterns are observed for Al and Cu, and production 130 

constraints on them also lead to widespread reductions in demand for other materials. This occurs 131 

because bulk materials are widely used across broad end-use technologies. Production constraints 132 

on these materials limit new deployments across many technologies, thereby reducing demand for 133 

other associated materials. 134 

There are also interdependencies among materials primarily used in battery technologies, such as 135 

Li, graphite, and Co. Production constraints on one these materials lead to reductions in demand 136 

for rest of them, largely due to decreased deployment of battery storage and BEVs under the 137 

corresponding Constrained scenarios. 138 

Some demand changes are also driven by technology substitution. For example, a 50% production 139 

constraint on Si results in a 38% increase in Te demand. This is because Si constraint limits the 140 

deployment of crystalline silicon photovoltaic (c-Si PV), leading to greater deployment of cadmium 141 

telluride photovoltaic (CdTe PV), which increases Te demand. Similarly, substitutions occur 142 

between battery-related materials (e.g., Li, graphite, and Co) and Pt (which is primarily used in 143 

hydrogen production technologies, like electrolysis, and fuel-cell electric vehicles (FCEVs)). For 144 

example, 50% production constraints on Li and graphite increase Pt demand by 8% and10%, 145 

respectively. This occurs because constraints on Li and graphite limit BEV deployment in the 146 

transportation sector, increasing reliance on alternative technologies, including hydrogen-based 147 

systems. As a result, deployments of FCEVs and electrolysis hydrogen production technology 148 

increase, leading to higher Pt demand. 149 
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Figure 2. Percentage change of material demand under Constraint scenarios at 50% level. 
Results calculated based on cumulative demand of each material (from electricity, 
transportation, and hydrogen production sectors) from 2025 to 2050. Each row represents a 
constrained scenario, where the row label indicates the material subject to the production 
constraint. Value > 0 implies an increase in demand relative to the Central scenario, while value 
< 0 implies a decrease in demand relative to the Central scenario. Note: the percentage change 
in the diagonal of the heat map is not exact 50% reduction. This is due to the constraint 
assumption we made. Under production constraint at 50% level, we assume that the 2025 value 
of the constraint (equal to 2025 demand in Central scenario) is linearly interpolated to 2050 
which is equal to the 50% 2050 demand in the Central scenario. Therefore, under 50% material 
constraint level, the reduction of cumulative demand during 2025 and 2050 may not be exact 
50%. A Ʊgure showing the estimated material demand projections under Central scenario and 
production constraint trajectories are showing in SI-Figure 2. The percentage change results of 
material demand for each sector (50% production constraint level) are showing in SI-Figure 3-5. 

  150 
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Impacts of production constraints on sectoral material demand 151 

Under material production constraints, sectoral demand responds diƯerently depending on 152 

substitution Ʋexibility and material intensity. When 50% production constraints are applied to bulk 153 

materials such as steel, Al, or Cu, demand for these bulk materials in the power generation sector 154 

declines more sharply (by 75%, 77%, and 71% respectively) compared to their demand reductions 155 

in the transportation sector (by 23%, 32%, and 28% respectively) (Figure 3). This contrast reƲects 156 

diƯerences in substitution potential across sectors. Because bulk materials are used widely across 157 

many technologies, their production constraints have broad system-level impacts. Electricity 158 

generation is embedded in a broader energy transformation system in which multiple energy 159 

carriers contribute to overall energy supply. When constraints on bulk materials limit the 160 

deployment of material-intensive power technologies, particularly renewable generation, energy 161 

supply can shift toward alternative, less material-intensive energy transformation pathways outside 162 

the electricity sector. This reallocation reduces the need for new power capacity expansion and, 163 

consequently, lowers bulk material demand in the electricity sector. In contrast, the transportation 164 

sector provides mobility services with limited cross-sector substitution options, leading to smaller 165 

proportional demand reductions of the bulk materials than those observed in the electricity 166 

generation sector. 167 

For other materials with specialized applications, adjustments in material demand are driven 168 

primarily by the share of the material cost in total technology capital costs (which essentially reƲect 169 

the technology material intensity). Specialty materials such as Li and graphite are predominantly 170 

used in Li-ion batteries, which serve both utility-scale energy storage in the power sector and BEVs 171 

in transportation. Because Li and graphite account for a larger cost share in grid-scale battery 172 

systems than in BEVs (SI-Figure 6), rising prices of these materials under production constraints 173 
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lead to larger reductions in battery storage deployment in the power sector. As a result, Li and 174 

graphite demand fall by 73% and 81%, respectively, in the power sector, which are much higher 175 

than the corresponding demand changes (45% and 40%, respectively) in transportation. Similar 176 

patterns emerge for other specialty materials (e.g., Si, Ni, Nd, Pt, etc) with concentrated 177 

technological uses are also driven by diƯerences in material intensities in the applied technologies. 178 

 

Figure 3. Changes in sectoral material demand under material production constraints. In each 
panel, the production constraints are applied to one material, and the dots represent the relative 
change (%) of sectoral material demand (under diƯerent production constraint levels) compared 
to the Central scenario. Results are calculated based on cumulative demand (from 2025 to 2050) 
for each sector. 
 

 179 

  180 
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Impacts of production constraints on technology deployment  181 

The interdependence between material availability and technology deployment—the material–182 

technology nexus—is shaped by how they are used in energy system technologies. As a result, 183 

production constraints on diƯerent materials can have diƯerent impacts on technology 184 

deployment. 185 

In the power sector, technology responses vary under material constraints. Fossil-based generation 186 

technologies (coal, gas, and oil) are primarily aƯected by bulk material constraints. When steel, Al, 187 

or Cu are constrained to 50% level, new capacity additions of the fossil-based generation 188 

technologies together decline by 43%, 31%, and 49%, respectively (Figure 4). Renewable and 189 

storage technologies together experience even larger reductions—by 81%, 56%, and 72%—190 

because of their higher material intensities. Several specialty materials also exert strong inƲuences 191 

due to their unique technological applications. For instance, geothermal systems depend heavily 192 

on Ni-based steel alloys for corrosion-resistant piping, and Ni constraints lead to a 72% decline in 193 

geothermal capacity. Similarly, Si, Nd, and battery-related minerals (Li, Ni, Co, graphite, and Mn) 194 

are essential for c-Si PV, wind turbines, and battery storage, so constraints on these materials 195 

substantially reduce deployment of these technologies, respectively.  196 

Such constraints also induce technology substitution toward less material-intensive alternatives—197 

for example, Si constraints reduce c-Si PV capacity by 46% while increasing CdTe and CIGS PV 198 

deployment by 108% and 104%, respectively. Nd constraints reduce most wind subtype 199 

technologies but favor the subtype wind technology based on gearbox with a doubly fed induction 200 

generator (GB-DFIG), which requires minimal Nd compared to other subtypes. 201 

 202 
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Figure 4. Heatmap showing the impact of material production constraints (under 50% level) on 
new technology deployment (cumulative from 2025 to 2050) in diƯerent sectors. Each row 
represents one Constrained scenario, which applies annual production constraint at 50% level to 
one material. The column represents individual technology. Value > 0 implies increased new 
deployment under a material production constraint, while value < 0 implies decreased new 
deployment under a material production constraint. A detailed explanation on technologies 
represented in diƯerent sectors can be found in Supplementary Note 1 and SI-Table 1 to SI-
Table 3. 
 

In the transportation sector, material constraints primarily reduce BEV deployment and shift the 203 

new deployment toward internal combustion engine (ICE) vehicles, which are generally less 204 

material-intensive. Constraints on Li-ion battery-related specialty materials reshape the mix of BEV 205 

subtypes. Under Li constraints, all Li-ion BEV variants decline by 18–40% for light-duty passenger 206 

vehicles and 48–81% for freight trucks, while BEVs using sodium-ion (Na-ion) battery rise by 20% 207 

and 33% as substitutes for the two modes. Similarly, Co constraints reduce the deployment of Co-208 

containing BEV subtypes but increase the shares of Co-free or low-Co options such as BEV (with 209 

lithium iron phosphate (LFP) battery) and BEV (with Na-ion battery). Pt constraints sharply reduce 210 

FCEV deployment—by 28% for light-duty passenger vehicles and 49% for freight trucks—while 211 
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inducing compensating increases in BEV deployment of roughly 6% and 21% for light-duty 212 

passenger vehicles and freight trucks, respectively. 213 

In the hydrogen production sector, constraints on bulk materials reduce deployment of hydrogen 214 

production technologies overall and shift capacity toward less material-intensive alternatives such 215 

as biomass-based hydrogen. Specialty materials—including Nd and Pt—also substantially reduce 216 

hydrogen production capacity (by roughly 20% and 27%, respectively), particularly aƯecting 217 

electrolysis systems. These impacts arise not only from the direct eƯect of material constraints on 218 

hydrogen production technologies but also from indirect system interactions. For example, Nd and 219 

Pt constraints suppress FCEV deployment in the transportation sector, lowering hydrogen demand 220 

and further reducing hydrogen technology deployment. 221 

Impacts of production constraints on service output. 222 

Material constraints aƯect sectoral service outputs (i.e., electricity generation, passenger/freight 223 

travel, hydrogen production), but the magnitude and direction of impacts vary by both material type 224 

and sector. The constraints on bulk materials lead to the largest reductions in electricity generation 225 

because they are required across nearly all generation technologies and T&D networks. When steel, 226 

Al, and Cu are constrained to 50% levels, global electricity generation in 2050 decreases by 43%, 227 

31%, and 41%, respectively (Figure 5). In contrast, constraints on specialty materials tend to have 228 

smaller system-wide eƯects. For example, since Si is used only in c-Si PV; under a Si constraint, the 229 

reduction in c-Si PV output is partially oƯset by substitution toward thin-Ʊlm PV technologies (e.g., 230 

CdTe PV and CIGS PV), resulting in limited impact on overall electricity generation. Similarly, 231 

constraints on Li and graphite—primarily used in Li-ion batteries—also have minor impacts on total 232 

electricity generation. This is because battery deployment in the power sector is smaller relative to 233 

other technologies, and alternative storage technologies, such as vanadium Ʋow batteries, partially 234 
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compensate for reduced electricity output from Li-ion battery. Mn and Nd constraints have more 235 

pronounced impacts compared to other specialty materials, reducing 2050 electricity generation 236 

both by up to 7% under a 50% production constraint of these materials, as both materials are 237 

heavily used in wind turbines (structural steel additives for Mn and NdFeB magnets for Nd). 238 

Similar patterns emerge in the transportation sector. With production constraints on steel, 239 

passenger travel for both BEVs and ICE vehicles reduces because steel intensities of these two 240 

types of vehicles are relatively similar. In contrast, Al and Cu constraints disproportionately aƯect 241 

BEVs due to their higher intensities in BEV drivetrains, therefore the cost of BEV is more sensitive to 242 

price hike of Al and Cu under these scenarios, leading to a shift in passenger travel toward ICE 243 

vehicles. Constraints on Li-ion battery related materials—Li, graphite, Ni, and Co—generally 244 

decrease passenger travel of BEV while increasing that of ICE vehicle through substitution. 245 

However, the presence of multiple BEV battery chemistries helps alleviate the overall impact. For 246 

example, Li constraints reduce passenger travel for all Li-ion BEV variants, but Na-ion BEVs 247 

increase to oƯset part of the loss. Graphite constraints reduce passenger travel for most Li-ion 248 

BEVs, except Na-ion and solid-state BEVs, which do not rely on graphite. Constraints on Co 249 

increase the passenger travel of LFP and Na-ion BEVs, while Ni constraints similarly shift the mix 250 

toward LFP-based BEVs. Nd constraints substantially reduce passenger travel of both BEVs and 251 

FCEV because both rely on NdFeB magnets. Pt constraints almost exclusively aƯect FCEV, sharply 252 

reducing its passenger travel while simultaneously increasing that of BEV through substitution. 253 

  254 
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Figure 5. Global electricity generation (a), passenger kilometer travel of 4-wheel light-duty vehicle (b), and hydrogen production (c) in 
2050 under the Central scenario (Ʊrst bar plots on the right, showing absolute value), and their changes under the Constraint scenarios 
(other bars in the wide panel on the right). 
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The impacts of material constraints also propagate through multi-sector interactions. For instance, 255 

with bulk material constraints, the reduction in electricity generation raises electricity prices 256 

(Figure 6), which further weakens the cost competitiveness of BEVs by increasing their operating 257 

costs—reinforcing the direct eƯects of higher vehicle costs that shift passenger travel toward ICE 258 

vehicles under these scenarios. Similar multi-sector interaction is also shown between the 259 

transportation and hydrogen sectors. Under Nd and Pt constraints, reduced deployment of FCEVs 260 

in the transportation sector lowers hydrogen demand, which subsequently reduces hydrogen 261 

production. In contrast, constraints on Li and graphite limit BEV deployment and its service output, 262 

but these constraints increase FCEV deployment as a substitute, raising hydrogen demand and 263 

leading to higher hydrogen production (Figure 5). These cross-sector dynamics highlight that 264 

material constraints can reshape service output not only through direct impacts on technology 265 

deployment but also through broader system interactions that propagate across multiple sectors. 266 

Impacts of production constraints on energy service prices 267 

Materials that generate large declines in sectoral service output also drive substantial increases in 268 

energy service prices. For example, in the power sector, the 50% production constraints on bulk 269 

materials, such as steel, Al, and Cu, increase U.S. electricity prices in 2050 by 70%, 39%, and 59%, 270 

respectively (Figure 6). Other materials have comparatively minor impacts on electricity prices due 271 

to their more limited use in power-sector technologies and the availability of substitutes or 272 

alternative technology pathways. A similar pattern appears in the hydrogen production sector. Steel 273 

and Cu constraints at the 50% production level increase 2050 U.S. hydrogen production costs by 274 

52% and 10%, respectively. 275 

In the transportation sector, material constraints aƯect mobility service costs diƯerently across 276 

drivetrain types. Constraints on bulk materials raise service costs for ICE vehicles, FCEVs, and BEVs 277 
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alike, as all drivetrains require steel, Al, and Cu. Mn and Nd constraints also increase costs across 278 

all drivetrains due to their use in steel alloys and electric motors (which use Mn and Nd, 279 

respectively). Other specialized materials generate drivetrain-speciƱc cost eƯects. For example, a 280 

50% Pt constraint raises 2050 FCEV costs in the U.S. by 23%, while constraints on Li-ion battery 281 

related materials (Li, graphite, Ni, Co) increase BEV costs by 10–15%. Across all sectors, tightening 282 

constraints from 50% to 25% of material supply availability leads to disproportionately larger cost 283 

increases compared to tightening from 75% to 50%, indicating a nonlinear relationship in which 284 

energy service prices escalate more rapidly as material constraints become more stringent. 285 

  

Figure 6. The impacts of material production constraint on 2050 energy service prices by 
sector/technologies (relative to the Central scenario). Results based on US 2050 service prices in 
diƯerent sectors.  
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Discussion  286 

The energy system comprises a network of coupled interactions spanning primary energy 287 

production, energy transformation, and Ʊnal end-use sectors23. Our results demonstrate that cross-288 

sector interdependency is a key mechanism through which CMM production constraints lead to 289 

system-wide impacts. These linkages cause changes originating in one sector to propagate 290 

throughout the system, altering technology deployment and shifting energy service outputs and 291 

prices. For example, constraints on bulk materials reduce electricity supply and raise electricity 292 

prices; these increases, combined with higher BEV non-energy costs under the same scenarios, 293 

diminish the cost competitiveness of BEV. By representing multiple sectors simultaneously, our 294 

analysis can capture this type of cross-sector dynamics and contribute to the growing literature on 295 

economy-wide implications of CMM production constraints. 296 

Our Ʊndings also underscore the system-wide importance of bulk materials—steel, Al, and Cu. 297 

Because they are used across nearly all energy technologies and infrastructure systems, 298 

production constraints on these materials lead to large reductions in service outputs and price 299 

increases. Their pervasive role suggests that ensuring adequate supplies of bulk materials through 300 

both supply- and demand-side measures is essential for future energy system development24,25,17. 301 

In contrast, specialty materials—such as Li, Co, Ni, rare earth elements, and platinum-group 302 

metals—are critical to speciƱc technologies including Li-ion batteries, NdFeB-based wind turbines, 303 

and proton exchange membrane (PEM) fuel cells. For these materials, technology substitution—for 304 

example, Na-ion batteries26, non-REE wind turbine designs27, or low-Pt electrolysis systems28—305 

represents a key strategy for reducing vulnerability to supply risks29,30. 306 

This study further reveals nuances in technological vulnerability through the material–technology 307 

nexus, which characterizes the coupled relationship between material availability and technology 308 
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deployment. Two factors are important to this nexus. First, cross-sector linkages inƲuence how 309 

cost or service output changes propagate across the energy system, shaping technology 310 

deployment. Second, technology-speciƱc material intensity determines sensitivity to material price 311 

changes. Technologies with a higher cost share of a speciƱc material experience sharper 312 

reductions in deployment when the material price increases under tightened supply conditions. By 313 

mapping technologies to the materials which they could be vulnerable to, our results provide useful 314 

insights to identify material-related vulnerabilities and could inform supply-chain or technological 315 

strategies to mitigate them. 316 

Taken together, these Ʊndings demonstrate that understanding the implications of CMM supply 317 

availability requires a holistic systems perspective. The consequences of CMM production 318 

constraints are shaped not only by the direct material uses of individual technologies but also by 319 

the broader network of interactions that aƯect energy production, prices, and cross-sector demand 320 

patterns. By quantifying these interactions within an integrated, multi-sector modeling framework, 321 

this study oƯers insights into the mechanisms through which CMM constraints inƲuence energy 322 

system development. 323 

Future work 324 

Future work could further strengthen and broaden this analysis. First, although this study covers on 325 

several key sectors of the economy such as the electricity, transportation, and hydrogen production 326 

sectors, many other parts of the economy—including industry, defense, and AI and data-center 327 

infrastructure—also depend on bulk and specialty materials1,2. Incorporating these sectors would 328 

provide a more complete picture of economy-wide CMM competition and better capture the multi-329 

sector eƯects. 330 
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A second direction for future research is to investigate additional factors that shape sectoral 331 

competition for CMM. This study highlights the role of sectoral linkages and technology-speciƱc 332 

material intensities, but other forces could be also inƲuential. For example, governmental or other 333 

institutional interventions could inƲuence the economic competition of material allocation by 334 

prioritizing sectors deemed strategic—such as defense and critical infrastructure—through 335 

stockpiling31, targeted subsidies32, or direct allocation mechanisms33,34. Trade strategies that 336 

restrict certain CMM end uses35,36 and Ʊrm-level procurement contracts or long-term CMM security 337 

agreements 37,38may also mediate CMM availability and alter technology deployment outcomes. 338 

Representing these institutional and geopolitical inƲuences could strengthen understanding of how 339 

CMM supply availability interacts with broader economy. 340 

Finally, evaluating CMM production constraints under alternative energy system pathways would 341 

enhance the robustness of insights. This study focuses on a business-as-usual pathway, but 342 

scenarios with high renewable penetration, accelerated electriƱcation, or hydrogen-intensive 343 

strategies may impose diƯerent pressures on bulk and specialty materials. A broader set of 344 

scenarios would allow for a more comprehensive characterization of sensitivity to CMM production 345 

constraints across diverse plausible futures and enhance understanding of the conditions under 346 

which constraints on CMM availability become most acute.  347 

  348 
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Methods 349 

Global Change Analysis Model (GCAM) 350 

In this study, we use the Global Change Analysis Model (GCAM v7.2). GCAM v7.2 is an open-source, 351 

integrated, multi-sector model, which is available in a public repository39. It represents the behavior 352 

and interactions among Ʊve systems: economy, energy, agriculture and land use, water, and 353 

climate40. These systems have diƯerent geographical resolutions, including 32 energy-economy 354 

regions, 384 land subregions, and 235 water basins across the globe. GCAM v7.2 operates in 5-year 355 

time-steps from 2015 (model calibration year) to 2100 (in this study, the model solves until 2050), 356 

and is driven by exogenous assumptions about population growth, labor participation rates, and 357 

labor productivity in the 32 geopolitical regions, together with other assumptions of resources, 358 

technologies, and policy.  359 

The operating principle of GCAM v7.2 is based on market equilibrium. It solves for equilibrium prices 360 

through iterative simulations to ensure that supplies match demands for various energy, agricultural, 361 

water, land-use, and GHG markets in each time-step and region41. Each system in GCAM v7.2 has 362 

technological detail. Individual technologies compete for market share based on their costs and 363 

choice parameters in a modiƱed logit discrete choice model. In the model, technology share is 364 

determined by its levelized cost mediated by the inƲuence of non-cost factors. 365 

Representation of critical minerals or critical materials 366 

The deƱnition of “critical” minerals or materials is context-speciƱc and reƲects policy priorities, 367 

economic structure, and methodological choices, which vary across institutions and jurisdictions42–
368 

45. Under the U.S. Department of Energy’s (DOE) oƯicial framework and the Energy Act of 202046, a 369 

critical mineral is deƱned as any mineral, element, substance, or material designated by the U.S. 370 
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Geological Survey, acting on behalf of the Secretary of the Interior, as essential to economic or 371 

national security and characterized by a supply chain vulnerable to disruption47. A critical material, 372 

deƱned more speciƱcally in the energy context, refers to any non-fuel mineral, element, substance, 373 

or material that the DOE determines both: a) has a high risk of supply chain disruption, and b) 374 

performs an essential function in one or more energy technologies, including those involved in 375 

producing, transmitting, storing, or conserving energy45. These deƱnitions emphasize the dual 376 

criteria of functional importance and supply risk. 377 

In this study, we select 13 materials primarily from those identiƱed as critical minerals or critical 378 

materials in the U.S. context. Our selection also identiƱes materials that are used across multiple 379 

technologies and sectors, enabling us to assess potential multi-sectoral linkages and evaluate how 380 

production constraints in one material may propagate through interconnected energy systems. 381 

Although steel is not designated as a critical mineral or material under the current U.S. deƱnition, we 382 

include it due to its foundational role in energy infrastructure and the broader economy. Steel is a key 383 

structural material in power plants, renewable energy systems, hydrogen infrastructure, 384 

transportation systems, and industrial facilities. Given its large production volume and central role 385 

in energy technologies, understanding its future demand remains essential for evaluating material–386 

energy interactions and potential resource pressures. Including steel therefore improves the 387 

completeness of the material demand representation, even though it is not classiƱed as “critical” 388 

under policy deƱnitions. It is worth noting that the material representation in GCAM is designed to be 389 

Ʋexible, allowing additional materials to be incorporated as new research questions emerge or 390 

improved data become available. While this study focuses on 13 materials to demonstrate the 391 

modeling framework and its capability to capture material–energy system interactions, the structure 392 

readily accommodates expansion in future analyses. 393 

 394 
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Representation of sectors and technologies 395 

This work builds on our previous eƯorts to expand material demand modeling in GCAM beyond the 396 

power generation sector to include multiple additional energy-system sectors19. SpeciƱcally, we 397 

extend material demand representation to the electricity transmission and distribution (T&D) system, 398 

transportation, and hydrogen production, enabling multi-sector coverage of material demand across 399 

energy systems in GCAM. 400 

We applied a bottom-up approach to model material demand from multiple energy-system sectors 401 

by leveraging GCAM’s detailed technology representations in each sector and technology material 402 

intensities. In our previous work, we enhanced the technological detail of the power generation 403 

sector by explicitly representing subtypes of solar photovoltaic (PV) systems, onshore and oƯshore 404 

wind turbines, and battery energy storage. In this study, we further expand technology detail in the 405 

transportation sector by representing diƯerent battery technologies in electric vehicles, including 406 

lithium iron phosphate (LFP), nickel cobalt aluminum (NCA), nickel manganese cobalt (NMC), 407 

sodium-ion, and solid-state batteries. A detailed description of technology representation in each 408 

sector is provided in Supplementary Note 1. Because diƯerent technology subtypes require 409 

diƯerent materials and use them at diƯerent intensities, this level of technological detail ensures 410 

more accurate estimates of material demand and allows technology substitution in response to 411 

constraints on material supply availability. 412 

In the current model conƱguration, material demand is explicitly represented only for a subset of 413 

energy-related sectors (i.e. electricity, transportation, and hydrogen production). Other major energy 414 

transformation sectors in GCAM, such as oil reƱning and gas processing, are not included in the CMM 415 

demand accounting. As a result, when material production constraints are imposed, they directly 416 

aƯect only the sectors with explicit material representation, while the energy transformation 417 
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pathways not included in the CMM demand accounting remain unconstrained. This incomplete 418 

coverage could overstate the potential shift in energy generation away from electricity toward other 419 

transformation pathways (e.g., oil reƱning and gas processing) observed under bulk material 420 

constraint scenarios. This aspect of the current modeling framework could be further improved in 421 

future work by expanding material demand representation across a broader set of sectors. 422 

Engineering estimates and order-of-magnitude calculations (see Supplementary Note 4) indicate 423 

that oil reƱning and gas processing systems have lower bulk material intensities (e.g., material use 424 

per unit of energy throughput) than electricity generation technologies, particularly renewables. 425 

Therefore, although the reallocation of energy supply away from electricity may be somewhat 426 

overstated due to incomplete material representation, the qualitative mechanism remains robust: 427 

material constraints disproportionately aƯect more material-intensive electricity technologies, 428 

leading to a reallocation of energy generation toward less material-intensive transformation 429 

pathways. The broader energy transformation system also exhibits greater Ʋexibility in substitution 430 

compared with sectors such as transportation, where service substitution options are more limited. 431 

Material intensity data and cost structure modiƱcation 432 

Material intensity data for each technology are compiled from literature and used as model inputs. 433 

For those energy sectors in which material demand is represented, GCAM tracks technology vintages 434 

in each model period based on technology lifetimes and retirement assumptions, and estimates 435 

energy service outputs associated with new vintages in each period. Material demand is calculated 436 

by applying technology-speciƱc material intensity coeƯicients—expressed as mass per unit of 437 

energy service output—to the service output of new technology vintages, yielding annualized 438 

material demand for each model period. The material intensity data used in this study are provided 439 
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in the Supplementary Dataset, and a detailed description of the data sources and necessary 440 

processing methods for GCAM implementation is presented in Supplementary Note 2. 441 

We also modify the technology cost structure by separating material costs from overnight capital 442 

costs or non-energy technology costs. Material costs are calculated as the product of technology-443 

speciƱc material intensities and endogenous material prices, following the same approach 444 

developed in our previous studies19. This cost-structure modiƱcation enables material price changes 445 

to directly aƯect technology costs and competition within GCAM, allowing the model to capture the 446 

impacts of potential material production constraints on energy system transitions.  447 
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Figure 1. Global material demand across sectors under Central scenario (no constraint on material 562 

annual production) 563 

Figure 2. Percentage change of material demand under Constraint scenarios at 50% level. Results 564 

calculated based on cumulative demand of each material (from electricity, transportation, and 565 

hydrogen production sectors) from 2025 to 2050. Each row represents a constrained scenario, 566 

where the row label indicates the material subject to the production constraint. Value > 0 implies 567 

an increase in demand relative to the Central scenario, while value < 0 implies a decrease in 568 

demand relative to the Central scenario. Note: the percentage change in the diagonal of the heat 569 

map is not exact 50% reduction. This is due to the constraint assumption we made. Under 570 

production constraint at 50% level, we assume that the 2025 value of the constraint (equal to 2025 571 

demand in Central scenario) is linearly interpolated to 2050 which is equal to the 50% 2050 572 

demand in the Central scenario. Therefore, under 50% material constraint level, the reduction of 573 

cumulative demand during 2025 and 2050 may not be exact 50%. A Ʊgure showing the estimated 574 

material demand projections under Central scenario and production constraint trajectories are 575 

showing in SI-Figure 2. The percentage change results of material demand for each sector (50% 576 

production constraint level) are showing in SI-Figure 3-5. 577 

Figure 3. Changes in sectoral material demand under material production constraints. In each 578 

panel, the production constraints are applied to one material, and the dots represent the relative 579 

change (%) of sectoral material demand (under diƯerent production constraint levels) compared to 580 

the Central scenario. Results are calculated based on cumulative demand (from 2025 to 2050) for 581 

each sector. 582 

Figure 4. Heatmap showing the impact of material production constraints (under 50% level) on new 583 

technology deployment (cumulative from 2025 to 2050) in diƯerent sectors. Each row represents 584 

one Constrained scenario, which applies annual production constraint at 50% level to one material. 585 

The column represents individual technology. Value > 0 implies increased new deployment under a 586 

material production constraint, while value < 0 implies decreased new deployment under a 587 

material production constraint. A detailed explanation on technologies represented in diƯerent 588 

sectors can be found in Supplementary Note 1 and SI-Table 1 to SI-Table 3. 589 

Figure 5. Global electricity generation (a), passenger kilometer travel of 4-wheel light-duty vehicle 590 

(b), and hydrogen production (c) in 2050 under the Central scenario (Ʊrst bar plots on the right, 591 

showing absolute value), and their changes under the Constraint scenarios (other bars in the wide 592 

panel on the right). 593 

Figure 6. The impacts of material production constraint on 2050 energy service prices by 594 

sector/technologies (relative to the Central scenario). Results based on US 2050 service prices in 595 

diƯerent sectors.  596 
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Table 1. Scenario design in this study 

 Constraints on material production 

Central scenario No constraint  
Constrained 
scenarios  

Exogenous production constraint on 13 materials at 3 levels (25%, 50%, 75%). 
We have a total of 13 x 3 = 39 Constrained scenarios. Each Constrained 
scenario limits the annual production of one material at one level. Under each 
level, the production constraint starts from 2025 to 2050. The 2025 value of 
the constraint is equal to the 2025 demand of the material from electricity, 
transportation, and hydrogen production sectors. The 2025 constraint value is 
linearly interpolated to the 2050 constraint value which is equal to the 
percentage of the 2050 annual material demand from the same three sectors 
in the Central scenario. (e.g., in the 25% case, annual production constraint of 
the material in 2050 is set to be 25% of the estimated annual 2050 demand in 
the Central scenario). 
Figures showing the annual production constraint trajectories in comparison 
to annual material demand projections in the Central scenario are provided in 
SI-Figure 2. 
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