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Abstract
China’s export controls on gallium and germanium 

exemplify concerns regarding the reliability of supplies of 
mineral commodities that are essential to economic develop-
ment, national security, and transition to renewable energy. 
This report presents a new model that quantifies the potential 
effects of mineral commodity supply disruptions on the 
U.S. economy. After calculating postdisruption equilibrium 
prices and quantities, a nonlinear optimization routine was 
used along with economic input-output tables to estimate the 
effects of varying Chinese net export restrictions of gallium 
and germanium on U.S. gross domestic product (GDP). The 
results indicated that a complete restriction of China’s net 
exports of gallium and germanium could cause the U.S. GDP 
to decrease by $3.1 billion (with lower and upper estimates 
of $1.7 billion to $8.2 billion) and $0.4 billion ($0.01 billion 
to $1.1 billion), respectively, if disrupted separately, and 
$3.4 billion ($1.7 billion to $9.0 billion) if disrupted simul-
taneously. The proposed model can be applied to other 
commodities and disruption scenarios.

Significance Statement
Modern technology depends on reliable supplies of min-

eral commodities. Yet, their supply chains are under increas-
ing strain from regional conflicts, trade disputes, and resource 
nationalization. Assessing these risks is a priority for import-
dependent countries, with many countries developing lists that 
highlight the commodities of most concern to them. These 
analyses do not include results that can weigh the benefits of 
enacting certain policies against the costs of inaction. This 
report presents a new model that assesses the economic effects 
of mineral commodity supply disruptions on the U.S. econ-
omy. Once expanded to include many commodities, the results 
could be used to update the U.S. critical minerals list and 
provide decision makers with an economic basis to inform 
various initiatives and policies.

1U.S. Geological Survey.

2Akima System Engineering, under contract to the U.S. Geological Survey.

Introduction
Reliable supplies of mineral commodities are essential 

to the functioning of an interconnected global economy. Yet 
in the past several years, mineral commodity supply chains 
have faced considerable strain from the COVID–19 pandemic 
(Jowitt, 2020), the Russia-Ukraine conflict (Khurshid and oth-
ers, 2023), as well as trade tensions among the world’s leading 
industrial nations (Gulley and others, 2018; Kalantzakos, 
2020). These strains come at a time when demand for certain 
mineral commodities may grow considerably with the transi-
tion to renewable energy sources, increased urbanization, and 
the accelerating adoption of various technologies, including 
artificial intelligence, fifth-generation (5G) wireless cellular 
technology, and autonomous vehicles, among others (Nassar, 
2023). Recent actions by the government of the People’s 
Republic of China to impose export controls on various gal-
lium and germanium products (Ministry of Commerce and 
General Administration of Customs [China], 2023)—metals, 
compounds, and wafers that are used in certain integrated cir-
cuits, diodes, infrared lenses, and fiber optic cables that have 
become increasingly essential for consumer electronics, light-
ing and displays, telecommunication networks, and defense 
applications—exemplify concerns among import-dependent 
nations regarding the reliability of supplies of mineral com-
modities that are necessary for their economic development 
and national security.

To help identify the mineral commodities of most 
concern, governmental agencies, academic researchers, and 
multinational corporations have developed different criticality 
assessments (National Research Council, 2008; Graedel and 
others, 2015; Ku and others, 2018; Nassar and others, 2020a; 
Schrijvers and others, 2020; Nassar and Fortier, 2021; Bauer 
and others, 2023; Grohol and Veeh, 2023). These analyses 
typically utilize various combinations of indicators to assess 
the risks. Although the scopes, methodologies, and metrics 
used in these assessments vary, their outcome is generally 
similar: a (prioritized) matrix or list of commodities of greatest 
concern to the nation, region, company, sector, or technology 
in question. These assessments are generally relatively simple 
by necessity because they attempt to assess supply chains of 
numerous commodities, many of which have very limited 
data. Moreover, previous analyses do not assess supply risks 
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using standard economic terms (for example, lost economic 
activity or jobs lost), thereby limiting their usefulness as well 
as their comparability to other risks or the costs of mitigation 
strategies.

In contrast, Manley and others (2022a) extended a meth-
odology originally developed by Levine and Yabroff (1975) 
to assess the economic effects of mineral commodity supply 
disruptions. That methodology used economic input-output 
(IO) tables and a linear programming routine to determine 
the economic effects on individual industries, sectors, and 
the entire economy at different levels of mineral commodity 
supply disruption. Specifically, the objective function of the 
model sought to maximize U.S. gross domestic product (GDP) 
subject to a set of constraints that included a mineral com-
modity availability constraint that pertained to the disruption 
scenario, a production capacity constraint that simulated the 
availability of excess production capacity of each industry, and 
a minimum final demand constraint that indicated the lowest 
acceptable level of demand by final uses (personal consump-
tion expenditure; private fixed investment expenditures; 
changes in private inventories; net exports; and Federal, State, 
and local consumption and investment expenditures) required 
of each industry. The terminology used in the methodology is 
defined in the U.S. Bureau of Economic Analysis (BEA) IO 
handbook (Horowitz and Planting, 2006). A key benefit of that 
model is that it does not require much additional data beyond 
the IO tables and the mineral commodity consumption of each 
domestic industry. With the best available information on 
mineral commodity consumption, Manley and others (2022a) 
were able to apply the methodology to 56 mineral commodi-
ties, with a follow-up analysis on the automotive and electron-
ics industries (Manley and others, 2022b).

In addition to using outdated [2012] data due to the lack 
of more recent detailed IO tables from the BEA, the meth-
odology presented by Manley and others (2022a) has several 
limitations beyond those generally attributable to IO frame-
works, namely fixed industry structure and constant returns to 
scale. First, the results in absolute terms are strongly depen-
dent (as shown by Levine and Yabroff [1975] and Manley and 
others [2022a]) on a largely arbitrary selection of the level of 
minimum final demand for each industry. Second, the model 
depends on the assumption that all industry output is homo-
geneous. Third, the model does not account for changes in 
mineral commodity prices due to the supply disruption or the 
absolute level of consumption of the mineral commodity.

The first limitation stems from the fact that Leontief IO 
models (Leontief, 1951) are demand-driven, meaning that final 
demand determines how much output is needed from each 
industry. Final demand must, therefore, be provided exog-
enously to the model. As such, modeling an exogenous supply 
disruption needs to be translated into an exogenous demand 
shock that is then supposed to endogenously determine 
industry output levels. As explained by Oosterhaven (2017), 
this circular reasoning is present in so-called inoperability 
input-output models, which have become widely used in 
the field of risk and disaster assessments. A supply-driven 

counterpart to the Leontief IO model was developed in 1958 
by Ghosh (1958) to examine planned economies. However, 
due to a variety of reasons, that model could yield unrealistic 
results (Oosterhaven, 1988).

The second limitation—industry output (and input) 
homogeneity—is an assumption inherent in all IO frame-
works. An industry may produce several different types of 
outputs, each with different material compositions. In the 
model presented by Manley and others (2022a), when the 
consumption of a specific mineral commodity is linked to an 
industry, via the mineral commodity availability constraint, the 
entire output of that industry is assumed to utilize that mineral 
commodity. This may be a reasonable assumption for certain 
mineral commodities that may be used in virtually all prod-
ucts of a given industry (for example, copper is used in the 
manufacturing of all electronics). However, this is an issue for 
minor elements, such as gallium and germanium, which are 
typically used in specialized applications that may represent 
only a small fraction of an industry’s output.

Thirdly, by not accounting for the absolute value of 
the mineral commodity consumed, the model presented by 
Manley and others (2022a) could yield the same results for 
two mineral commodities if they were consumed in the same 
relative proportions by the same industries even if their con-
sumption levels were vastly different. Similarly, that model 
does not account for differences in mineral commodity prices, 
nor does it account for changes to those prices due to the 
supply disruptions.

The model detailed in this report addressed each of these 
shortcomings; the details are presented in the “Materials and 
Methods” section of this report. The new model was applied 
to the production, consumption, and supply chains of gallium 
and germanium under different scenarios of individual and 
simultaneous disruption of China’s net exports.

Background on Gallium and 
Germanium

There are several aspects of the supply and demand of 
gallium and germanium that make their supply chains par-
ticularly susceptible to disruption. Similar to the production 
of many mineral commodities, the primary production of 
gallium and germanium is highly concentrated in a single 
country, namely China (Nassar and others, 2020b). Since 
2014, more than 90 percent of primary gallium has been 
produced in China, with the remainder coming from Japan, 
Russia, South Korea, and Ukraine (app. 1; Jaskula, 2010–23; 
U.S. Geological Survey, 2024) Additional production capac-
ity outside of China and these currently producing nations is 
reportedly available in Germany, Hungary, and Kazakhstan 
(app. 1; Jaskula, 2010–23; U.S. Geological Survey, 2024), 
although the ability of this capacity to be immediately avail-
able is not clear. China is also the world’s leading producer 
of primary germanium, with Canada, Belgium, and Russia 
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providing the remainder (Guberman, 2010–16; Guberman and 
Thomas, 2017; Thomas, 2018–23; U.S. Geological Survey, 
2024). Moreover, gallium and germanium are two of a number 
of mineral commodities for which production is currently 
only economical as a byproduct during the extraction of other 
mineral commodities (Nassar and others, 2015). Specifically, 
gallium is most commonly recovered by ion exchange from 
the sodium aluminate Bayer liquor during the processing of 
bauxite ores and, to a much lesser extent, from the residues 
generated during the leaching of zinc oxide that is obtained 
from roasting sphalerite ores (Project Blue Group Ltd., 2023). 
Germanium is also recovered during the leaching of certain 
zinc smelter residues and from coal ash. These factors sug-
gest that the supply of gallium and germanium may be price 
inelastic (Nassar and others, 2015), but there has been no 
quantitative assessment of that elasticity previously.

On the demand side, as a group III element, gallium 
is combined with group V elements to form a group of 
semiconductor materials that are known as III–V compound 
semiconductors (for example, aluminum gallium arsenide 
[AlGaAs], gallium arsenide [GaAs], gallium nitride [GaN], 
indium phosphide [InP], indium arsenide [InAs], and indium 
antimonide [InSb]). Whether as a substrate or as an epitaxial 
layer that is grown on a substrate (for example, GaN on 
silicon, sapphire, silicon carbide, or GaAs), gallium-based 
semiconductors find use predominately in radio frequency 
electronics (for example, radio frequency power amplifiers for 
mobile handsets and wireless area networks), power electron-
ics (for example, direct current to direct current [DC–DC] 
converters, onboard chargers, and traction inverters in electric 
vehicles), photonics (for example, vertical-cavity surface-
emitting lasers for proximity sensors and edge-emitting lasers 
for automotive light detection and ranging [lidar] applica-
tions), light-emitting diodes (LEDs) for lighting and displays, 
as well as high-efficiency solar cells, mainly in space solar 
photovoltaic (PV) cells (Yole Développement, 2018, 2020). 
Gallium is also used in copper indium gallium (di)selenide 
(CIGS) thin-film PV cells and as a dopant in the industry-
dominant crystalline silicon PV cells where it has recently 
been replacing boron to provide extended lifetimes and 
reduced degradation of performance over time (Feldman and 
others, 2024). In China, gallium has been used as an additive 
in neodymium iron boron permanent magnets (Løvik and 
others, 2015; Project Blue Group Ltd., 2023). In addition to 
being the main substrate for the III–V high-efficiency space 
solar PV cells, germanium is also used in semiconductor 
applications (for example, silicon germanium [SiGe], IV–IV 
compound semiconductor). However, germanium finds its 
main use as a dopant to increase the refractive index of the 
core of optical fibers and as a material for infrared lenses and 
windows, applications that have important uses in telecom-
munications and defense, respectively. Details regarding these 
and other uses are listed in appendix 1.

Although there are substitute materials (for example, 
silicon-based semiconductors), gallium and germanium 
products have specific properties (for example, high electron 

mobility for gallium and high refractive index for germanium) 
that make them uniquely suited for certain applications. For 
example, with faster switching speed and higher breakdown 
voltage, GaN power devices outperform traditional silicon-
based devices, making them ideal in certain applications 
such as DC–DC converters in electric vehicles that require 
high power density and energy efficiency, to allow for longer 
driving ranges, lighter batteries, better thermal management, 
and lower cost (Prajapati and Balamurugan, 2023). As such, 
substitution may be limited. In addition to the lack of quantita-
tive estimates of price elasticities of demand, the markets for 
gallium and germanium are small and their production, trade, 
and consumption are opaque. All these factors contribute to 
making the market assessment especially challenging and full 
of uncertainties.

Materials and Methods
The model in this report is conceptually similar to what 

has been proposed by Oosterhaven and Bouwmeester (2016) 
and Li and others (2022). Specifically, the assumption behind 
those models is that, in the short run after a disruption event, 
economic actors (including industries, consumers, and govern-
ments) are expected to attempt to continue or re-establish 
predisruption economic activity patterns as closely as possible 
(Oosterhaven and Bouwmeester, 2016). The proposed model 
used an optimization routine with an objective function (eq. 1) 
that seeks to minimize the differences between predisruption 
and postdisruption economic activity, as follows:

 
 Minimize   ∑ ij       ( z  ij  '   −  z  ij  )    2    +    ∑ i       ( y  i  '  −  y  i  )    2     +    ∑ i       ( v  i  '  −  v  i  )    2  , (1)

where
 z and z’ are the predisruption and postdisruption 

intermediate demand, respectively;

 y and y’ are the predisruption and postdisruption final 
demand, respectively;

 v and v’ are the predisruption and postdisruption value 
added, respectively; and

 i, j are subscripts that indicate individual 
industries.

The minimization of the square of the difference is simi-
lar to that used by Li and others (2022) and is selected over 
the minimization of Kullback-Theil information gain measure 
(x ln x) proposed by Oosterhaven and Bouwmeester (2016) 
for the same reason explained by Li and others (2022): the 
quadratic form of the objective function is free from singulari-
ties and is differentiable across the entire range. Importantly, 
the objective function avoids the need to exogenously define 
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final demand which, as noted in the “Introduction” section of 
this report, is a problem that has plagued previous Leontief 
demand-driven disaster analysis models.

Data for each of the predisruption parameters of 
equation 1 were available for the United States from the BEA 
at the detailed 405-industry group level every 5 years to cor-
respond with the U.S. economic census. The BEA publishes 
updates for the interim years but only at aggregated levels 
(Bureau of Economic Analysis, 2023). These aggregated 
data are based on estimated detailed IO tables (BEA, written 
comm., June 26, 2023). The most recent data provided [2021] 
were used in this report.

The decision variables in the model were each industry’s 
output (x′) or similarly the change in industry output from 
their initial values. The optimization was subjected to several 
constraints, one of which was a mineral commodity availabil-
ity constraint, as follows:

   ∑ i     ( m  i    x  i  ' )  ≤  M ′   . (2)

This constraint specifies that the total amount of the mineral 
commodity used by domestic industries in the United States—
calculated as the product of the new (postdisruption) output of 
a consuming industry and the mineral consumption ratio (m) 
of that industry, summed across all industries—must be less 
than or equal to the total quantity of the mineral commodity 
(M′) that is available under the specified disruption scenario. 
To simulate a disruption of multiple mineral commodities 
simultaneously (for example, gallium and germanium 
together), an additional mineral commodity availability con-
straint (eq. 2) can be added. The consumption of each mineral 
commodity was linked to an individual industry, as defined by 
the BEA IO tables (app. 1).

Nominally, the material consumption ratio (m) in 
equation 2 is calculated by dividing the mineral commodity 
consumption of that industry by the initial (that is, predis-
ruption) output of that industry. However, as indicated in 
the “Introduction” section of this report, this method can 
be problematic in cases where only a small portion of the 
industry’s output uses the mineral commodity. One approach 
to address this industry homogeneity issue is to expand the IO 
tables to add rows and columns that are specifically linked to 
the mineral commodity in question. For example, a consum-
ing industry could be split into two industries: one that uses 
the mineral commodity in question and another that does 
not. This approach requires substantial amounts of additional 
data and thus undermines a key benefit of using IO models—
readily available tables. Instead, an alternative approach was 
employed in this report that requires only one additional piece 
of information: how much of an industry’s output used the 
commodity in question. To do this, the material consumption 
ratio (m) was defined as a function of an industry’s output, 
as follows:

   m  i    =  max       ( (1 −  
 x  i   −  x  i  '  _  x  i    τ  i    )   

 M  i   _  x  i  ' 
  , 0)   . (3)

Using this approach, a material consumption ratio’s 
value decreased to zero if the postdisruption industry’s output 
decreased to or below the level for which the remaining output 
of that industry did not use the mineral commodity in ques-
tion. For example, if only 10 percent of an industry’s output 
used the mineral commodity in question, then a threshold 
level (τ) was set at 10 percent, and the material consumption 
ratio dropped to zero if the industry’s output decreased 
by 10 percent or more (decreased to or below 90 percent of its 
original value). Data regarding the threshold level τ for each 
industry-mineral commodity combination were estimated 
using data from the U.S. Census Bureau (2022, 2023) or 
market research reports (app. 1).

Unlike a strict constraint, this approach allowed the 
model to decrease a consuming industry’s postdisruption 
output level below the threshold, but declining below that 
output level did not further affect how much of the mineral 
commodity was directly consumed because the material 
consumption ratio became zero. The rationale behind this 
approach is that the industry’s output that will be affected first 
is that which is the direct consumer of the mineral commodity. 
Any further decreases in the industry’s output would be due 
to secondary effects associated with interindustry demand. 
This approach may not work well if the mineral commodity-
containing part of the industry’s output is purchased in 
notably different proportions by the downstream industries as 
compared to the overall output of the industry. In such cases, 
IO table expansion would be the better option.

When modeling the simultaneous disruption of two 
commodities that are used by the same industry (for example, 
gallium and germanium in semiconductors), another decision 
variable (θ) was introduced in the model, which determined 
the percent (bounded from 0 to 100 percent) of that industry’s 
output decrease that was using the first commodity, denoted 
with subscript  a , with the remainder of the output decrease 
(1−θ) for the second commodity, denoted with subscript b, 
as follows:

   m  ia    =  max       ( (1 −  
 ( x  i   −  x  i  ' )   θ  iab   _  x  i    τ  ia    )   

 M  ia   _  x  i  ' 
  , 0)    and (4)

   m  ib    =  max       ( (1 −  
 ( x  i   −  x  i  ' ) (1 −  θ  iab  )  ______________  x  i    τ  ib    )   

 M  ib   _  x  i  ' 
  , 0)  . (5)

This approach assumes there were no overlapping or concur-
rent uses in the industry’s output (the commodities are used in 
different applications that are produced by the same industry). 
If there is complete overlap (the commodities are only used 
in the same applications), then the use of θ was unnecessary. 
In the case of gallium and germanium, although both are used 
in similar semiconductor applications (for example, radio fre-
quency power amplifiers and photonics), they were assumed to 
only be used concurrently in III–V high-efficiency solar cells 
(where germanium was used as the substrate for the growth 
of GaAs). Given that high-efficiency solar cells represent a 
very small percentage (likely less than 0.1 percent) of the 
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U.S. semiconductor and related devices industry’s output, this 
concurrent use was disregarded in the model. Because of this 
assumption, the results may be slightly overestimated.

The quantity of the mineral commodity that was available 
after the disruption was based on the initial quantity consumed 
(M) and the relative shift in supply to the new equilibrium 
quantity (n′):

 M′ = (1 – n′) M. (6)

The relative shift in supply to the new equilibrium quan-
tity was determined by the exogenously provided disrup-
tion scenario less any releases of available inventories, any 
excess production capacity outside of China (κ), the mineral 
commodity’s price elasticity of supply (εS), and its price elas-
ticity of demand (εD). Specifically, the exogenously provided 
supply disruption scenario (a decrease in China’s net exports 
of gallium or germanium) shifts the supply curve to the left by 
a specific quantity, which is partially or completely offset by 
any releases from inventories held by governments, producers, 
or consumers. This inventory-adjusted shift in quantity (ΔQs) 

or relative shift in quantity (  n  s   =  
Δ  Q  s   _  Q  s  

    , where Qs is the initial 

equilibrium quantity that was based on a calculated apparent 
consumption) along with the price elasticities were used to 
determine the new equilibrium price (P′) relative to the initial 
price (P), as follows:

   n  s    =     (  P ′   _ P  )    
 ε  S  

  −   (  P ′   _ P  )    
 ε  D  

  . (7)

With the new equilibrium price, the relative change to the new 
equilibrium quantity (n′) was determined:

   n ′    = 1 −   (  P ′   _ P  )    
 ε  D  

   = 1 +  n  s   −   (  P ′   _ P  )    
 ε  S  

  . (8)

Following the approach outlined by Shojaeddini and 
others (2024), the price elasticities were estimated empiri-
cally using a two-stage least-squares and instrumental variable 
approach for panel data. For time series data, an autoregres-
sive distributed lag model was used instead. Details regarding 
the approaches and the estimations are provided in appen-
dix 1. In general, the demand for a mineral commodity with 
limited substitutability would be less price elastic and would 
thus witness a larger price increase during a supply disruption 
than a mineral commodity with several suitable substitutes. 
Similarly, a mineral commodity with a constrained ability to 
increase the quantity supplied would witness a larger price 
increase than a commodity for which the quantity supplied can 
be readily expanded.

If the scenario provided a shift in supply that was large 
enough to allow all available excess production capacity to be 
used (meaning that the demand curve intercepts the vertical 
portion of the supply curve), then equations 7 and 8 become:

   n ′    =  n  s   −     κ _  Q  s  
   and (9)

    P ′   _ P    =   (1 −  n ′  )      1 _  ε  D     . (10)

Note that these equations are for a short-term disruption 
(nominally, up to 1 year), such that there was no shift in the 
demand. The full derivation of these equations, including the 
possibility of a demand curve shift, is provided in appendix 1.

Given that this analysis was specific to China imposing 
export controls, the data were divided into two regions—
China and the rest of the world—and then, for each mineral 
commodity, the new equilibrium price and quantity for the rest 
of the world were determined based on China’s net exports 
of the mineral commodity to the rest of the world, the excess 
production capacity of the mineral commodity in the rest of 
the world, and the predisruption apparent consumption of 
the mineral commodity in the rest of the world. The quantity 
that would be available to the United States was assumed to 
decrease proportionally with that of the rest of the world.

The next constraint used in the model was an industry 
production capacity constraint, which stipulated that the 
output of each industry cannot be negative nor exceed that 
of its capacity (   

_
 x   ):

 0 ≤ x′ ≤    
_
 x   . (11)

The output capacity of an industry was calculated by dividing 
its predisruption output level by its capacity utilization rate. 
The Board of Governors of the Federal Reserve System pub-
lishes monthly capacity utilization data for the manufacturing 
sector in the United States (Board of Governors of the Federal 
Reserve System, 2023) These data are generally available at 
the three-digit North America Industry Classification System 
(NAICS) subsector level or equivalent, and in a few cases, 
at the four-digit NAICS industry group level. In contrast, the 
BEA IO tables are generally reported at the four-, five-, or six-
digit NAICS level equivalent. As such, the capacity utilization 
data at the three- and four-digit levels were applied to the most 
appropriate level or sublevel, accordingly. For the remaining 
industries outside the manufacturing sector, the capacity uti-
lization rate was set to 1, meaning the predisruption industry 
output level was set as the maximum for industries for which 
production capacity utilization data were not available.
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To account for the limited availability of labor and 
capital, a constraint was set on the GDP such that its postdis-
ruption value cannot exceed the potential GDP (GDPPotential), 
as estimated by the Congressional Budget Office (2024), 
as follows: 

   ∑ i      
 v  i   _  x  i     x  i  '  ≤ GD  P  Potential   . (12)

Generally, this would not be a binding constraint for supply 
disruptions scenarios but may play a role if the outputs of 
certain domestic industries grow markedly. The next con-
straint provided the supply and demand equilibrium, using the 
Leontief equation, as follows:

 (I – A) x′ = y′, (13)

where I is the identity matrix, A is the 405-by-405, industry-
by-industry direct requirements matrix, and as previously 
defined, x and y are the industry output and final demand, 
respectively. For these variables, data provided by the BEA 
were used (BEA, written comm., June 26, 2023). Values for 
individual interindustry intermediate demand (z) were calcu-
lated using the direct requirements matrix:

 A x′ = z′. (14)

Additionally, price effects were taken into account 
by adjusting the profitability of the consuming industries. 
Specifically, the increased price of the mineral commodity 
decreased the gross operating surplus of a consuming 
industry—a component of its value added as follows:

   v  i  '   =    
 v  i   _  x  i     x  i  '  −  ( P ′   − P)   x  i  '   m  i   . (15)

As indicated in equation 15, how much each industry’s 
value added decreased depended on two factors: how much 
the mineral commodity’s price increased and how much 
the industry’s output decreased. The latter affected both the 
decrease in value added directly as well as through how much 
of the mineral commodity the industry consumed relative 
to what it previously consumed. This allowed the price and 
quantity effects to be determined separately in the calculation 
of value added. Because postdisruption industry output was 
determined endogenously in the model, the influence of the 
price effect on an individual industry’s value added was deter-
mined dynamically by the model.

Note that the approach of incorporating the price effects 
into the value-added component (eq. 15) implicitly assumed 
that the industries that are the initial or direct consumers of 
the mineral commodity absorbed the entire price increase, 
with none of the price increase being passed on to downstream 
industries or final consumers. This is not completely realistic 
in all cases but may be a reasonable assumption in the short 
term. Also note that the change in the mineral commodity’s 
price was accounted for in the calculation of value added but 

not in the constraint on GDPPotential (eq. 12). The price effect 
was also deliberately not translated into the other variables (for 
example, industry output or output to final demand or inter-
mediate demand) to maintain price equilibrium throughout the 
IO model while still accounting for the change in the prices of 
mineral commodities in estimating the decrease in GDP.

The United States is not a producer of primary gallium 
or germanium products. If it were, under this specific set of 
scenarios, the domestic primary production of the mineral 
commodity (R) would be expected to increase and domes-
tic producers would benefit from both the increased output 
and the increased price of the mineral commodity that they 
produce. Just as the decrease in mineral commodity available 
in the United States was assumed to decrease proportionally 
to that of the rest of the world, domestic production could 
be assumed to grow proportionally to that of the rest of the 
world based on the new equilibrium quantity up to its reported 
production capacity (Rcap). Therefore, a constraint could be 
established such that domestic mineral commodity production 
increases accordingly:

   ∑ i     ( r  i    x  i  ' )   =  R ′    =  min      (R (1 +  p  i  ' ) ,  R   cap ) , (16)

where p′ is the growth rate in the predisrupted production 
(as determined by the new equilibrium quantity relative to 
predisruption production) and r is the ratio of production of 
a mineral commodity to the industry output. This mineral 
commodity production ratio is similar to the mineral commod-
ity consumption ratio in that it accounts for the fact that the 
production value of each mineral commodity accounts for only 
a fraction of an industry’s output. The mineral production ratio 
can thus be calculated as follows:

   r  i    =  max       ( (1 −  
 x  i   −  x  i  '  _  x  i   φ  ) , 1)   

 R  i   _  x  i  ' 
     , (17)

where φ is the threshold level, which could be estimated 
by multiplying the quantity of domestic production of the 
mineral commodity in question by its price and dividing it by 
the producing industry’s predisruption output. The increased 
production level and higher price of the domestic mineral 
production industry (typically under the BEA sector for min-
ing [212] or refining and smelting [331]; Bureau of Economic 
Analysis, 2023) translates into higher gross operating surplus, 
which can be accounted for in the producing industry’s value 
added, as follows:

   v  i  '   =    
 v  i   _  x  i     x  i  '  +  ( P ′   − P)   x  i  '   r  i   . (18)

The proposed model for a single commodity disruption is 
presented diagrammatically in figure 1.

Data regarding mineral commodity production, produc-
tion capacity, trade, inventories, and consumption for China, 
the United States, and the rest of the world were collected 
from a variety of sources (app. 1). All data pertain to 2021 or 
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2022, the latest years for which a complete set of IO tables and 
mineral commodity data were available before China’s export 
controls were established.

Given the lack of transparency in the gallium and germa-
nium markets, a sensitivity analysis was performed in which 
each of the key parameters used in the model was varied to 
provide cases labeled as “low impact” and “high impact” in 
addition to the baseline case (app. 1). Finally, given that it is 
currently [2024] unclear how much (if any) of China’s net 
exports of gallium and germanium products will ultimately 
be restricted, the level of restriction was varied from 10 to 
100 percent.

Results and Discussion
The price elasticities of demand for gallium and germa-

nium were estimated to be −0.53 and −0.245, respectively. 
Meanwhile, the price elasticities of supply in the short run for 
gallium and germanium were estimated to be 0.40 and 0.69, 
respectively (app. 1). These elasticities suggest that the supply 
and demand for gallium and germanium were price inelastic, 
with absolute values falling between 0 and 1. The supply of 
germanium exhibited greater price elasticity compared with 
that of gallium, whereas the price elasticity of demand for ger-
manium was lower (in absolute value) than that for gallium. 
It is important to highlight that the price elasticity of demand 
for gallium was derived from panel data within a static frame-
work, potentially resulting in a larger absolute value compared 
to the short-run elasticity. In contrast, the price elasticity of 
demand for germanium was based on time-series data (app. 1), 
with the reported numbers reflecting short-run elasticity.

These price elasticities, along with data on China’s net 
exports and the rest of the world’s (excluding China) produc-
tion, production capacity, consumption, and inventories, were 
used to estimate new equilibrium prices and quantities for 
the rest of the world under several different levels of supply 
disruption (as defined by the percentage of China’s net exports 
that were restricted). The results are displayed in figure 2.

The results indicated that a complete restriction of 
China’s net exports of gallium, which were estimated to be 
159 metric tons (t) out of a total world production of 638 t 
in 2022 (fig. 1.1; table 1.10), would cause gallium prices in 
the rest of the world to increase by more than 2.5-fold, while 
the quantity of gallium available to the rest of the world 
would decrease by about 39.5 percent. In contrast, a complete 
disruption of China’s net exports of germanium, which were 
estimated to be 35 t out of a total world production of 210 t in 
2022 (tables 1.14 and 1.17), would cause germanium prices 
to increase by 26 percent and the quantity available to the 
rest of the world to decrease by about 5.5 percent. Less than 
complete restrictions of China’s net exports would result in 
correspondingly lower price increases and quantity decreases 
(fig. 2; app. 1). A complete restriction of China’s net exports 
of germanium has a lower effect than that of gallium due to 

the differences in price elasticities and the higher levels of 
germanium production, production capacity, and inventories in 
the rest of the world. Restriction of as much as 58 percent of 
China’s net exports of germanium could be offset by available 
inventories, thereby resulting in no shift in the supply curve.

The effects on the U.S. GDP at the level of individual 
industries and the economy overall were calculated using these 
relative shifts in quantities and prices in the IO model. The 
results (fig. 3) indicate that the U.S. GDP would decrease by 
$3.1 billion (or about 0.013 percent of U.S. GDP in 2021) if all 
of China’s net exports of gallium were restricted for an entire 
year. Nearly half (46.5 percent) of the decrease would come 
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from the semiconductor and related device manufacturing 
industry (BEA industry code 334413)—the industry to which 
gallium consumption was directly linked to in the model. The 
remaining decrease would come from a wide assortment of 
industries, including several that are downstream from the 
334413 industry, namely the printed circuit assembly (elec-
tronic assembly) manufacturing (334418), motor vehicle 
electrical and electronic equipment manufacturing (336320), 
and electronic computer manufacturing (334111). Notably, 
aside from the 334413 industry, no other individual industry 
dominated the decrease in U.S. GDP, and each industry’s rela-
tive contributions to the decrease remained largely consistent 
at different levels of restriction.

The decrease in U.S. GDP was estimated to be 
$0.4 billion under a scenario of complete restriction of 
China’s net exports of germanium. This was markedly lower 
than the decrease associated with the restriction of gallium 
primarily because the estimated decrease in equilibrium 
quantity was smaller, approximately 5.5 percent for germa-
nium as compared to 39.5 percent for gallium. Therefore, 
excess production capacity and inventories in the rest of 
the world, which reduce the dependency on China, play an 
important role in reducing the effect of a germanium supply 
restriction.
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Unlike the effect on the U.S. GDP from gallium 
restrictions, the effect on the U.S. GDP from germanium 
restrictions was not dominated by a single industry. Instead, 
the decrease was contributed to nearly evenly from several 
industries, with the largest contributions to the decrease 
coming from semiconductor and related device manufactur-
ing (334413) and watch, clock, and other measuring and 
controlling device manufacturing (33451A; this is the industry 
that includes gamma-radiation detection equipment manufac-
turing that uses germanium). Although these were industries 
that were directly connected to germanium consumption 
in the model, they were not the largest direct consumers of 
germanium. The largest direct consumers of germanium were 
communication and energy wire and cable manufacturing 
(for fiber optic cables; 335920) and search, detection, and 
navigation instrument manufacturing (for infrared equipment; 
334511). As before, restrictions of as much as 58 percent of 
China’s net exports of germanium were offset by available 
inventories.

Industries that contributed the most to the overall 
U.S. GDP decrease were not necessarily the industries that 
were most affected by the disruption. That is because some 
industries were larger contributors to GDP than others. The 
photographic and photocopying equipment manufactur-
ing (333316) industry had the largest relative decrease in 
value added under a complete restriction of China’s net 
exports of gallium (fig. 4A). Other industries that had large 
relative decreases under this scenario were the doll, toy, and 
game manufacturing (339930), electric lamp bulb and part 
manufacturing (335110), and office supplies (except paper) 
manufacturing (339940) industries. For germanium (fig. 4B), 
the industry that had the largest relative decrease in value 
added was the optical instrument and lens manufacturing 
(333314). Again, this industry was not the largest consumer of 
germanium and did not have the largest absolute decrease in 
value added. Other industries that had large relative decreases 
in value added under this scenario were the communication 
and energy wire and cable manufacturing (335920), photo-
graphic and photocopying equipment manufacturing (333316), 
watch, clock, and other measuring and controlling device 
manufacturing (33451A), and electric lamp bulb and part 
manufacturing (335110) industries, all of which were directly 
linked to germanium consumption in the model.

Sensitivity Analysis

The results from the sensitivity analysis (fig. 5) illustrated 
the effects of varying key parameters (tables 1.10 and 1.26) 
on three results: changes in equilibrium quantities, prices, and 
U.S. GDP. Although not statistical confidence intervals, these 
results provide a window of likely ranges. For gallium, the 
results indicated that the decrease in U.S. GDP could be as 
high as $8.2 billion or as low as $1.7 billion. This relatively 
large range follows the change in equilibrium quantity but is 
somewhat more pronounced for the high-impact case at the 

highest levels of restrictions because of the notably higher 
prices and the higher percentage of the semiconductor and 
related device manufacturing industry that was assumed to use 
gallium. The lower and upper values of U.S. GDP decrease for 
germanium were estimated to be $0.01 billion and $1.1 billion, 
respectively. Again, these germanium results closely follow 
the change in equilibrium quantity.

The change in slope for both the decrease in equilibrium 
quantity and U.S. GDP for gallium in the high-impact case 
occurs at a restriction of just over 41 percent of China’s net 
export. This was the point where the shift in the supply curve 
was large enough such that all the available excess produc-
tion capacity was used (app. 1). That was the point where the 
demand curve intercepted the vertical portion of the supply 
curve, which resulted in larger increases in both changes in 
equilibrium quantities and prices at net export restrictions 
beyond that point. There was also a change in the slope in the 
result for gallium in the baseline case at a disruption level of 
99.8 percent of China’s net exports due to the same reason 
(fig. 5A). This change in slope, however, did not occur for 
gallium in the low-impact case because the supply shift was 
small and the inventories and excess capacities in the rest of 
the world were larger. The change in slope only occurred for 
germanium in the high-impact case at a restriction of 94.1 
percent of China’s net exports.

Comparison of Price and Quantity Effect

As described in the “Materials and Methods” section of 
this report and illustrated in equation 15, the modeled decrease 
in U.S. GDP is the result of two factors: decrease in industry 
output (to meet the mineral commodity availability constraint) 
and increase in mineral commodity prices. Both effects played 
a role in the results, but their contributions were not equal. 
When the model was simulated for the complete restriction of 
China’s net exports, higher prices only contributed 6.1 percent 
of the decrease in U.S. GDP for gallium and 2.2 percent of the 
decrease in U.S. GDP for germanium. These percentages were 
slightly lower at lower levels of China’s net export restric-
tion and reached no higher than 12 to 16 percent in the results 
of the sensitivity analysis. These results suggested that the 
decrease in quantity available had far more of an effect on the 
decrease of the U.S. GDP than the increased prices, which 
is as might be expected given that the value of gallium- and 
germanium-containing devices (in other words, the value of 
the output of the industries) is notably greater than the cost of 
gallium and germanium raw materials. This may not be the 
case for all commodities because the ratio of the value of the 
commodities and the products that they are used in can vary 
markedly. It would also be dependent on the specific scenario 
and the price elasticities.
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Simultaneous Disruptions

A complete and simultaneous restriction of China’s 
net exports of gallium and germanium was estimated to 
cause U.S. GDP to decrease by $3.4 billion ($1.7 billion to 
$9.0 billion for the low- and high-impact cases, respectively; 
fig. 6). The results from the simultaneous restrictions show the 
larger effect of gallium restrictions as compared to germanium 

restrictions. Furthermore, these decreases were slightly lower 
than the sum of the decreases from each mineral commodity 
when restricted individually. This was due to the intercon-
nectedness of the affected industries (industries that would 
nominally be affected by the restriction of a commodity are 
also affected by the restriction of the other commodity and 
so their outputs do not decrease further). The effect on the 
U.S. GDP from the simultaneous disruption of both gallium 
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Figure 6. Heat maps displaying the estimated effects of simultaneous restrictions of China’s net exports (from 0 to 100 percent [%]) 
of gallium and germanium on the U.S. gross domestic product (GDP) for the A, baseline, B, low-, and C, high-impact cases of the 
sensitivity analysis.
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and germanium would have been even lower than the sum of 
the effects from the restrictions on the individual commodi-
ties if some degree of concurrent uses among gallium and 
germanium were assumed. In contrast, one would expect the 
effect of simultaneous restrictions of mineral commodities 
that are used in notably distant sectors of the economy to 
have an effect that is closer to the sum of the effects of 
individual commodities.

Limitations and Applicability
As with all models, there were various limitations and 

assumptions within this model that a reader should be cogni-
zant of while interpreting the results. Although many of the 
uncertainties associated with the various assumptions were 
addressed via the sensitivity analysis, some were inherent 
to the model. For example, although the assessment of price 
elasticity of demand captured short-term substitution effects 
for gallium and germanium, the model did not account for 
substitution effects among downstream industries due to the 
rigid structure of the IO tables. For example, gallium and ger-
manium are used in wireless telecommunication technologies 
and fiberoptic cables, which are potential substitutes for each 
other in certain instances. Although the model determined 
which industries consumed the postdisruption available 
gallium and germanium, it did not account for the possibil-
ity of downstream industries or final consumers switching 
between the two telecommunication options. This, however, 
might be an acceptable assumption in the short term as such 
changes likely require longer periods to occur. The model 
also did not account for the effects of changes in gallium 
or germanium prices on the prices of their substitutes and 
their associated consuming industries and assumed constant 
elasticities and shifts in the supply curves when calculating the 
new equilibriums.

Another simplifying assumption was that the differ-
ent forms of gallium and germanium were interchangeable. 
That may not be the case as there may be limits to produc-
tion capacities for certain forms (for example, reduction of 
an oxide to a metal or the production of high-purity single 
crystals). As discussed in the “Materials and Methods” section 
of this report, another limitation was that, even at the detailed 
level, the IO tables were not granular enough for some of 
the niche uses of these minor elements. The modified mate-
rial consumption ratio addressed this issue by affecting only 
a portion of the consuming industry’s output. However, this 
approach implicitly assumed that the mix of downstream 
industries and final consumers for this niche use was not dif-
ferent from the industry overall. If this were not the case, then 
the downstream industries that would be affected from the 
supply restriction would be different from what was modeled. 
The model also assumed that industries and final consum-
ers want to return to their original consumption patterns, 
which might not always be the case, especially in the long 

term. There were also inherent assumptions regarding which 
industries gallium and germanium consumption were linked 
to in the model. Additionally, this analysis was specific to the 
disruption of gallium and germanium metals, compounds, and 
wafers and not the devices and products that contain these 
mineral commodities. Therefore, the results do not account for 
any disruptions in the availability of such downstream devices 
and finished products that were produced outside of the United 
States that may no longer be available for trade due to China 
restricting exports of the raw materials.

Despite these limitations, the results presented here pro-
vide an assessment that could be useful in making decisions 
regarding various mitigation strategies. For example, with the 
results from this analysis, a cost-benefit analysis can be per-
formed to determine levels of maintaining or expanding strate-
gic inventories. Similarly, plans for new plants to recover gal-
lium and germanium can be assessed on a quantitative basis. 
This is noteworthy given that most of the gallium and germa-
nium present in mined ores are not currently recovered (Licht 
and others, 2015; Frenzel and others, 2016, 2017). Similarly, 
while significant amounts of gallium and germanium are 
recycled as new scrap during fabrication and manufacturing, 
there is very limited postconsumer or end-of-life recycling of 
either element (Graedel and others, 2011; Licht and others, 
2015; Mir and others, 2022). There is thus great potential for 
increasing and diversifying supplies, with several new sources 
of gallium and germanium being proposed or developed. For 
example, in late 2023, a newly built hydrometallurgical facil-
ity in southeastern Democratic Republic of the Congo noted 
that it had the capability of providing 30 percent of global ger-
manium supply from processed slag (Société congolaise pour 
le traitement du terril de Lubumbashi, [undated]), although it 
was unclear if any production had taken place. Domestically, a 
zinc smelter in Clarksville, Tennessee, which already pro-
duces a germanium concentrate for export, was assessing the 
feasibility of a $150 million project to recover what it believes 
would be as much as 80 percent of annual U.S. consumption 
of gallium and germanium (Nyrstar, 2024). This model can be 
used to analyze various policies or incentives against the risks 
or costs of inaction for specific projects. Furthermore, when 
extended to include other mineral commodities, this analysis 
could be used to determine the U.S. list of critical minerals 
(Nassar and Fortier, 2021), which is a U.S. government-
wide prioritized list of commodities of most concern that has 
provided the basis for various actions and policies, such as 
the Infrastructure Investment and Jobs Act of 2021 (Public 
Law 117–58; 135 Stat. 429) and the Inflation Reduction Act of 
2022 (Public Law 117–169; 136 Stat. 1818).
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Appendix 1. Supplemental Information for Quantifying Potential Effects of 
China’s Gallium and Germanium Export Restrictions on the U.S. Economy

Estimating Postdisruption Equilibrium 
Quantities and Prices

To determine equilibrium quantities and prices after a 
disruption, by using price elasticities of supply and demand, 
two basic log-linear supply (eq. 1.1) and demand (eq. 1.2) 
equations were used, as follows:

  ln  Q  S    = α +  ε  s   lnP  and (1.1)

  ln  Q  D    = β +  ε  D   lnP , (1.2)

where S and D refer to the supply and demand respectively, Q 
refers to quantity, P refers to price, ε refers to price elasticity, 
and α and β are terms that account for all other variables that 
affect supply and demand, respectively.

At initial equilibrium, before the disruption, the following 
was obtained:
 QS(P) = QD(P), (1.3)

   e   α   P    ε  S     =  e   β   P    ε  D    , and (1.4)

  P  =   ( e   β−α )      1 _  ε  s  − ε  D     . (1.5)

A constant supply shift of magnitude (ΔQS) or relative 
magnitude (nS) can be defined as follows, where the shifted 
supply curve is    Q ′    S   :

  Δ  Q  S    =  Q  S   (P)  −  Q  S  '   (P)   and (1.6)

   n  s    =     
Δ  Q  S   _  Q  S   (P)    =  

 Q  S   (P)  −   Q ′    S   (P) 
  ____________  Q  S   (P)     = 1 −  

  Q ′    S   (P) 
 _  Q  S   (P)    . (1.7)

Similarly, a constant demand shift of magnitude (ΔQD) or 
relative magnitude (nD) can be defined as follows, where the 
shifted demand curve is   Q  D  '   :

  Δ  Q  D    =  Q  D   (P)  −   Q ′    D   (P)   and (1.8)

   n  D    =     
Δ  Q  D  

 _  Q  D   (P)    =  
 Q  D   (P)  −   Q ′    D   (P) 

  _____________  Q  D   (P)     = 1 −  
  Q ′    D   (P) 

 _  Q  D   (P)    . (1.9)

These supply and demand shifts were provided exogenously 
based on the scenario being examined and were assessed after 
accounting for available inventories that abated some or all the 
disruptions (for example, the inventory-adjusted shift in sup-
ply was the initial shift less any inventory releases). With these 
shifts in the supply and demand curves, the new equilibrium 
price (P′) was determined, as follows:

    Q ′    S   ( P ′  )   =  Q  D   ( P ′  )  , (1.10)

   Q  S   ( P ′  )  − Δ  Q  S    =  Q  D   ( P ′  )  − Δ  Q  D   , (1.11)

   e   α    P ′      ε  S    − Δ  Q  S    =  e   β    P ′      ε  D    − Δ  Q  D   , (1.12)

  Δ  Q  S   − Δ  Q  D    =  e   α    P ′      ε  S    −  e   β    P ′      ε  D    , (1.14)

    
Δ  Q  S   _  Q  S   (P)   −   

Δ  Q  D  
 _  Q  D   (P)    =    e   α    P ′      ε  S    _  Q  S   (P)   −    e   β    P ′      ε  D    _  Q  D   (P)   , and (1.15)

   n  s   −  n  D    =     e   α    P ′      ε  S    _  e   α   P    ε  S      −   e   β    P ′      ε  D    _  e   β   P    ε  D       =     (  P ′   _ P  )    
 ε  S  

  −   (  P ′   _ P  )    
 ε  D  

  . (1.16)

This nonlinear relation among price elasticities, price ratios, 
and relative shifts in the supply and demand curves was solved 
empirically to determine the new equilibrium price.

With the new equilibrium price, the change in quantity 
from the initial equilibrium to the new equilibrium on an abso-
lute (ΔQ′) and a relative (n′) basis was determined by using the 
demand curve, as follows:
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  Δ Q ′    =  Q  D   (P)  −   Q ′    D   ( P ′  )   =    Q  D   (P)  −  ( Q  D   ( P ′  )  − ΔQ)  , (1.17)

   n ′    =   
Δ Q ′  

 _  Q  D   (P)    =  
 Q  D   (P)  −  ( Q  D   ( P ′  )  − ΔQ) 

  ___________________   Q  D   (P)     , (1.18)

   n ′    = 1 +   
ΔQ

 _  Q  D   (P)   −  
 Q  D   ( P ′  ) 

 _  Q  D   (P)    , (1.19)

   n ′    = 1 +  n  d   −   e   β    ( P ′  )     ε  D    _  e   β    (P)     ε  D      , and (1.20)

   n ′    = 1 +  n  d   −   (  P ′   _ P  )    
 ε  D  

  . (1.21)

The relative change in quantity from the initial to the new equilibrium quantity can also be determined in terms of the supply 
curve using the same approach:

   n ′    = 1 +  n  s   −   (  P ′   _ P  )    
 ε  S  

  . (1.22)

An assumption in the above derivation was that the price elasticity of supply is constant and that there was sufficient excess 
production capacity. However, that assumption was modified by noting that there was finite excess production capacity (κ), after 
which supply could not be increased regardless of the commodity’s price. On the predisruption supply curve, this would occur at 
a certain price (P*) at which all excess capacity would have been used, as follows:

   Q  S   (P)  + κ  =   e   α   P   *        ε  S    , (1.23)

   
 Q  S   (P)  + κ

 _  Q  S   (P)     =     e   α   P   *        ε  S    _  Q  S   (P)     =   e   α   P   *        ε  S    _  e   α   P    ε  S       =   (  P   *  _ P  )    
 ε  S  

  , and (1.24)

   P   *   = P   (1 +   κ _  Q  S   (P)  )    
  1 _  ε  S      (1.25)

The quantity (Q*) that this price would yield on the shifted demand curve was determined, as follows:

   Q   *   =  e   β   P   *        ε  D    − Δ  Q  D   . (1.26)

The relative change in quantity necessary to get to this point (  n  S  *  ) was defined as follows:

   n  s  *   =  
 Q  S   (P)  + κ −  Q   * 

  _____________  Q  S   (P)     = 1 +   
Δ  Q  D  

 _  Q  D   (P)   −    e   β  ( P   * )  _  Q  D   (P)      
 
 ε  D  

 _  ε  S    

   = 1 +   κ _  Q  S   (P)   +  n  d   −   (  P   *  _ P  )    
 ε  D  

   and (1.27)

   n  s  *   = 1 +   κ _  Q  S   (P)   +  n  d   −   (1 +   κ _  Q  S   (P)  )    
 
 ε  D  

 _  ε  S      . (1.28)
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Therefore, if   n  S  >  n  S  *  , then the new equilibrium quantity became 
the initial equilibrium quantity plus all the excess capacity less 
the amount that was disrupted:

   Q ′    =  Q  S   (P)  + κ − n  Q  S   (P)   =  Q  S   (P)  (1 −  n  s  )  + κ . (1.29)

This new quantity was set equal to the shifted demand curve to 
find the new equilibrium price:

   Q ′    =  Q  S   (P)  (1 −  n  s  )  + κ  =  e   β    P ′      ε  D    − Δ  Q  D   , (1.30)

   
 Q  S   (P)  (1 −  n  s  )  + κ

  ______________  Q  S   (P)     =  
 e   β    P ′      ε  D    − Δ  Q  D  

  ___________  Q  D   (P)    , (1.31)

   (1 −  n  s  )  +   κ _  Q  S   (P)   +  n  D    =   (  P ′   _ P  )    
 ε  D  

  , (1.32)

   P ′    = P   (1 −  n  s   +  n  D   +   κ _  Q  S   (P)  )    
  1 _  ε  D     . (1.33)

Using the new equilibrium price, the relative quantity shift 
to the new equilibrium (n′) was calculated by using equa-
tion 1.21:

   n ′    = 1 +  n  d   −  ( (1 −  n  s  )  +   κ _  Q  S   (P)   +  n  D  )  , (1.34)

   n ′    =  n  s   −     κ _  Q  S   (P)   . (1.35)

Note that the difference between n′ and nS represents the 
relative quantity of the excess production capacity that was 
utilized postdisruption (κu), which can be obtained from equa-
tion 1.22 or 1.34.

   n  s   −  n ′    =   
 κ  u   _  Q  S   (P)    =   (  P ′   _ P  )    

 ε  S  

  − 1 . (1.36)

Also note that, if there was no shift in the demand curve and 
if   n  s   >  n  S  *  , then the new equilibrium price simplifies to:

   P ′    = P   (1 −  n ′  )      1 _  ε  D     . (1.37)

Empirical estimation of price elasticities.—Two general 
approaches to estimate the price elasticity of demand and 
price elasticity of supply for gallium and germanium were 

used. First, for the price elasticity of demand estimate with 
panel data, the demand elasticities were estimated by using a 
static framework, because the data used in the analysis lack a 
sufficiently long-time dimension to employ dynamic mod-
els. To tackle potential simultaneity issues of the price and 
consumption/production variables, a two-stage least-square 
and instrumental variable approach was employed. Following 
Shojaeddini and others (2024), the two-stage least-square 
regression was as follows:

First stage:

   p  it    =  α  0   +  α  i   +  α  j    X  it   +  α  k    Z  it   +  ν  t  ,  (1.38)

Second stage:

   d  it    =  β  0   +  β  i    + ε ̂    p  it    +  β  j    X  it   +  e  t   . (1.39)

In the first stage, the mineral commodity price (p) at time 
t and within sector i was determined through a function incor-
porating instrumental variable (Z) and other control variables 
(X). Subsequently, in the second stage, the estimation of the 
quantity demanded (d) for the mineral commodity involved 
utilizing the forecasted price (   ˆ p   ) from the first stage alongside 
additional control variables. To facilitate the analysis, the vari-
ables were transformed logarithmically, allowing the estimated 
price coefficient (ε) to offer insights into the price elasticity 
of demand. Constants α0 and β0 denoted general terms, and 
αi and βi represented sector-specific constant terms referred 
to as sector-level fixed effects. Parameters αj and ακ denoted 
the impacts of control variables and instrumental variables on 
commodity price, respectively, while βj represented the influ-
ence of control variables on commodity demand. Furthermore, 
the terms vt and et served as error components in the model.

For the estimation of the price elasticities with time series 
data, an autoregressive distributed lag model was employed. 
This model estimates the production or consumption vari-
able on its own lagged values, as well as on the current and 
lagged values of other control variables. Following Pesaran 
and Shin (1999) and Pesaran and others (2001), an autoregres-
sive distributed lag (ρ, h1, h2, …, hn) model has the following 
general form:

   q  t      =  ∑ j=1  ρ     ω  j    q  t−j   +  ∑ j=0  h      β ′    j    X  t−j   +  e  t   , (1.40)
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where qt represented the commodity’s production or consumption quantity for year t; X was a vector of other explanatory 
variables, including the commodity’s price; ρ represented the lag order for the dependent variable; h was the lag order for other 
variables that was not necessarily the same for each explanatory variable (n); and ω and β′ were the corresponding coefficients 
for q and X, respectively.

The error correction version of the autoregressive distributed lag model was represented by the following:

 q q X q X tt t t j j t j j

q
j t j0 1 1 1

1

0

1

1
[ ] et, (1.41)

where Δ was the first difference, ECT = [qt−1 – λ′Xt−1] was the error correction term, and θ was the speed of adjustment coeffi-
cient. The first part of the equation with θ and λ represented the long-run relationship, and the second part with ω and β repre-
sented the short-run dynamics of the model. Due to potential simultaneity issues, the autoregressive distributed lag model was 
estimated in two stages using an instrumental variable approach as previously described.

A structural break test (Ditzen and others, 2021) was used to examine whether there have been changes in the model 
parameters from significant disruptive events and to determine when these changes occurred. An interaction term was introduced 
between the price variable and a binary variable to indicate the occurrence of the structural change. By integrating this interac-
tion term, which links the mineral commodity price variable with a binary variable reflecting the identified structural break in the 
market, the price elasticity of demand and price elasticity of supply variance before and after the structural break were evaluated. 
If the interaction term proved statistically insignificant in certain instances, the binary variable was incorporated into the regres-
sion to ensure parameter stability.

The price elasticity of demand of gallium was estimated by using global consumption data by each application sec-
tor obtained from Project Blue Group Ltd. (2023), and of germanium, from U.S. apparent consumption data from the 
U.S. Geological Survey (USGS; Kelly and Matos, 2023; Thomas, 2023; U.S. Geological Survey, 2024). The price elasticity 
of supply was estimated using the worldwide time series of primary production for each commodity (Jaskula, 2021; Kelly and 
Matos, 2023; Thomas, 2023; U.S. Geological Survey, 2024).

Gallium prices were derived from the average unit value of U.S. imports for low-purity gallium (U.S. Geological Survey, 
2024). Germanium prices were from U.S. Geological Survey (2013, 2024) and reflected the average price of germanium metal 
(more than or equal to 99.99 percent) and unit value of U.S. imports.

For explanatory variables, the industrial production index for U.S. manufacturing was obtained from Board of Governors of 
the Federal Reserve System (2024). Silicon metal prices, bauxite, zinc, and coal production were from U.S. Geological Survey 
(2013, 2024). The results are summarized in tables 1.1 through 1.4. Each set of columns represents results derived from either a 
different estimation method or a different set of variables.

Table 1.1. Estimation of price elasticity of demand of gallium.

[The regression includes sector identification variables, which are binary variables representing each demand sector. Significance levels are denoted as *** 
(p-value<0.01), ** (p-value <0.05), and * (p-value <0.1). All monetary variables are adjusted for inflation using the world gross domestic product (GDP) defla-
tor. GDP deflator is calculated using data from the World Bank Group, specifically world GDP constant in 2015 U.S. dollars purchasing power equivalent (World 
Bank Group, 2023a) and world GDP in current U.S. dollars (World Bank Group, 2023b). This deflator represents the global inflation rate, providing a measure 
of how much prices have increased on average across the world economy. SE, bootstrapped/heteroskedasticity and autocorrelation robust standard error; Ga, 
gallium; Si, silicon; LED, light-emitting diode; 2SLS, two-stage least squares estimation]

Variable
Log(Ga consumption)

Coefficient SE

Log(Ga real price) −0.53* 0.31
LED penetration rate 0.02*** 0.00
Log(Si metal real price) 0.47* 0.26
Constant 4.82*** 0.67
Number of observations 50
Estimation method 2SLS
Ga price data basis (source) Low-purity, primary gallium ore (U.S. Geological Survey, 2024)
Instrumental variable Bauxite production
Adjusted coefficient of determination (R2) 0.942
Weak identification test p-value 0.001
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Table 1.2. Estimation of price elasticity of supply of gallium.

[The regression includes sector identification variables, which are binary variables representing each demand sector. Significance levels are denoted as *** 
(p-value<0.01), ** (p-value <0.05), and * (p-value <0.1). All monetary variables are adjusted for inflation using the world gross domestic product (GDP) defla-
tor. GDP deflator is calculated using data from the World Bank Group, specifically world GDP constant in 2015 U.S. dollars purchasing power equivalent (World 
Bank Group, 2023a) and world GDP in current U.S. dollars (World Bank Group, 2023b). This deflator represents the global inflation rate, providing a measure of 
how much prices have increased on average across the world economy. Gallium price represents low purity gallium for recent years which has been extrapolated 
back using gallium average price (99.9999-percent-pure metal) from 1959 to 2000. Variables beginning with “Dum” (short for dummy) signify binary variables. 
They take the value of 1 after the year indicated following “Dum” in the variable’s name and remain at 0 otherwise. SE, bootstrapped/heteroskedasticity and 
autocorrelation robust standard error; Ga, gallium; Si, silicon; 2SLS, two-stage least squares estimation; ARDL, autoregressive distributed lag model; —, not 
applicable; t−1, previous year]

Variable
Short run with 2SLS

Short run with 2SLS and 
ARDL

Long run

Coefficient SE Coefficient SE Coefficient SE

Log(Ga price) 0.40** 0.18 0.40* 0.22 0.55* 0.28
Log(Ga production)(t−1) 0.27** 0.12 0.27** 0.1 — —
Year 0.05*** 0.01 0.05*** 0.01 — —
Dum1983 0.62*** 0.12 0.62*** 0.14 — —
Dum2010 0.79*** 0.11 0.79*** 0.13 — —
Constant −95.32*** 23.26 −95.32*** 26.64 — —
Speed of adjustment — — — — −0.73***
Observations 49 49 49
Estimation method 2SLS 2SLS & ARDL 2SLS & ARDL
Instrumental variable Si price Si price Si price
Adjusted coefficient of determination (R2) 0.978 0.975 0.512
Weak identification test p-value 0.093 — —
Level relationship (Bounds test) — — Yes

Table 1.3. Germanium price elasticity of demand estimation.

[The regression includes sector identification variables, which are binary variables representing each demand sector. Significance levels are denoted as *** 
(p-value<0.01), ** (p-value <0.05), and * (p-value <0.1). All monetary variables are adjusted for inflation using the world gross domestic product (GDP) defla-
tor. GDP deflator is calculated using data from the World Bank Group, specifically world GDP constant in 2015 U.S. dollars purchasing power equivalent (World 
Bank Group, 2023a) and world GDP in current U.S. dollars (World Bank Group, 2023b). This deflator represents the global inflation rate, providing a measure 
of how much prices have increased on average across the world economy. SE, bootstrapped/heteroskedasticity and autocorrelation robust standard error; Ge, 
germanium; Si, silicon; 2SLS, two-stage least squares estimation; ARDL, autoregressive distributed lag model; t−1, previous year]

Variable

Log(Ge consumption)

Zinc production as instrumental variable Coal production as instrumental variable

Coefficient SE Coefficient SE

Log(unit value) −0.24* 0.14 −0.25* 0.13

Log(U.S. apparent consumption)(t−1) 0.83*** 0.09 0.83*** 0.09
Log(manufacturing industrial production) 0.31 0.28 0.31 0.28
Constant 2.87** 1.39 2.91** 1.3
Observations 33 33
Estimation method 2SLS & ARDL 2SLS & ARDL
Adjusted coefficient of determination (R2) 0.356 0.35
Weak identification test p-value 0.002 0.001
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Gallium

World Production and Production Capacity

In addition to primary (low purity; figs. 1.1, 1.2, and 1.3) 
gallium production and production capacities, refined (high 
purity) and secondary (new scrap recycled) gallium production 
and production capacities were reported or estimated based on 
various sources (table 1.5).

China’s Trade of Gallium Products

China’s Ministry of Commerce announced on July 3, 
2023 (Ministry of Commerce and General Administration of 
Customs [China], 2023), the export controls on eight gal-
lium products, which fall under several 10-digit Harmonized 
Commodity Description and Coding System (HS) codes 
(table 1.6).

Trade data are only available at the 8-digit HS codes. 
Therefore, trade of gallium under most of these codes is 
obscured because they include other products that do not 
contain gallium. Specifically, only trade data for gallium metal 
(HS codes 8112.9290 and 8112.9990) are directly discernable 

in the data reported by China (figs. 1.4–1.9). A few countries, 
however, report trade with China for gallium-arsenide (GaAs) 
wafers (table 1.7).

Simplified Gallium Material Flow and 
Trade Analysis

To estimate the trade flows of gallium that were undif-
ferentiable from the trade data, a simplified material flow 
diagram was developed for two regions: China and the rest of 
the world. The known production quantities for low-purity, 
high-purity refined, and secondary production (table 1.8) were 
assumed to be fixed. Trade flows for high-purity refined metal 
that were exported from the rest of the world to China and 
trade of gallium-containing wafers were all assumed to be 
accounted for in the trade data and that there were no signifi-
cant changes in inventories in the rest of the world. Finally, 
data were obtained from Løvik and others (2015) on yield at 
fabrication, recycling collection rate, and recycling efficiency. 
The imports of low-purity gallium and scrap by the rest of the 
world from China were then estimated based on mass balance 
(fig. 1.10).

Based on this mass balance analysis, an additional 21 
metric tons (t) of low-purity primary gallium, above the 
94 t that was identified by the gallium-distinguishable trade 
data, seems to have been exported from China to the rest of 

Table 1.4. Germanium price elasticity of supply estimation.

[The regression includes sector identification variables, which are binary variables representing each demand sector. Significance levels are denoted as *** 
(p-value<0.01), ** (p-value <0.05), and * (p-value <0.1). All monetary variables are adjusted for inflation using the world gross domestic product (GDP) defla-
tor. GDP deflator is calculated using data from the World Bank Group, specifically world GDP constant in 2015 U.S. dollars purchasing power equivalent (World 
Bank Group, 2023a) and world GDP in current U.S. dollars (World Bank Group, 2023b). This deflator represents the global inflation rate, providing a measure 
of how much prices have increased on average across the world economy. Variables beginning with “Dum” (short for dummy) signify binary variables. They 
take the value of 1 after the year indicated following “Dum” in the variable’s name and remain at 0 otherwise. The interaction between the price variable and the 
binary variable shows changes in the price elasticity of demand following the specified year indicated by the structural break year. SE, bootstrapped/heteroske-
dasticity and autocorrelation robust standard error; Ge, germanium; Si, silicon; 2SLS, two-stage least squares estimation; ARDL, autoregressive distributed lag 
model; —, not applicable; t−1, previous year]

Variable
Short run with 2SLS

Short run with  
2SLS & ARDL

Long run

Coefficient SE Coefficient SE Coefficient SE

Log(Ge price) 0.78*** 0.23 0.78** 0.31 1.39*** 0.36
Log(Ge price) × Dum1982 −0.09*** 0.03 −0.09*** 0.03 −0.16*** 0.03
Log(world germanium production)(t−1) 0.44** 0.18 0.44*** 0.13 — —
Log(zinc production) 1.23*** 0.33 1.23*** 0.34 2.19*** 0.31
Constant −22.26*** 6.04 −22.26*** 6.84 — —
Speed of adjustment — — — — −0.56*** 0.13
Observations 62 62 62
Estimation method 2SLS 2SLS & ARDL 2SLS & ARDL
Instrumental variable Si price Si price Si price
Adjusted R-squared 0.607 0.777 0.254
Weak identification test p-value 0.014 — —
Level relationship (Bounds test) — — Yes
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Figure 1.1. Graph showing world production of primary (low-purity) gallium, by country, from 2007 to 2022. Data are from 
Jaskula (2021) and U.S. Geological Survey (2024), with updated numbers for China from Asian Metals Ltd. (2023a).
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Figure 1.2. Graph showing production of primary (low-purity) gallium outside of China from 2007 to 2022. Data are from 
Jaskula (2021) and U.S. Geological Survey (2024).
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Figure 1.3. Graph showing production and production capacity of primary (low-purity) gallium outside of China, in 2022. Data are 
from Jaskula (2021) and U.S. Geological Survey (2024).
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Table 1.5. Primary (low purity), primary (high purity) refined, and secondary refined production and production capacities by country, 
circa 2021/2022

[Data are from Rongguo and others (2016), Roskill Information Services Ltd. (2020), Jaskula (2021), Asian Metals Ltd. (2023a), Neo Performance Materials 
(2023), Project Blue Group Ltd. (2023), Japan Organization for Metals and Energy Security (2024), U.S. Geological Survey (2024), or estimated by the authors 
using trade data (Zen Innovations AG (2024)). t, metric ton]

Country
Production, in t of contained gallium Production capacity, in t of contained gallium

Primary  
(low purity)

Primary refined 
(high purity)

Secondary 
refined

Primary  
(low purity)

Primary refined 
(high purity)

Secondary 
refined

Canada 0 0 25 0 15 45
China 628 200 50 1,056 250 100
Germany 0 0 0 40 0 10
Hungary 0 0 0 8 5 0
Japan 3 100 67 10 110 120
Kazakhstan 0 0 0 25 0 0
Russia 5 0 0 10 0 0
Slovakia 0 20 5 0 25 8
South Korea 2 0 0 16 0 0
Ukraine 0 0 0 15 0 0
United Kingdom 0 0 0 0 0 0
United States 0 5 8 0 10 10
Total 638 325 155 1,189 415 293
Total outside China 10 125 105 124 165 193
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Figure 1.4. Graph showing China’s exports of gallium unwrought metal (Harmonized Schedule code 8112.9290), as reported 
by China, from 2007 to 2023. Data are from Zen Innovations AG (2024).
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Table 1.6. Harmonized System codes for gallium products with recent export controls by China.

[Harmonized Commodity Description and Coding System (HS) codes are from Ministry of Commerce and General Administration of Customs [China], 2023]

No. Commodity name
China 10-digit HS 

code
China 8-digit HS code with available data

1 Gallium metal 8112.9290.10
8112.9290.90
8112.9990.00

8112.9290 (unwrought metal, other)
8112.9990 (wrought gallium)

2 Gallium nitride (wafers, pow-
ders, scrap, etc.)

2850.0019.01
3818.0090.01
3825.6900.01

2850.0019 (other nitrides)
3818.0090 (other monocrystalline silicon, discs, wafers, or similar 

forms, doped for use in electronics)
3825.6900 (other waste from chemical and allied industries)

3 Gallium oxide (polycrystalline, 
single crystal wafer, epitaxial 
wafer, powder, scrap, etc.)

2825.9090.01
3818.0090.02
3825.6900.02

2825.9090 (other metal oxides and hydroxides)
3818.0090 (other monocrystalline silicon, discs, wafers, or similar 

forms, doped for use in electronics)
3825.6900 (other waste from chemical and allied industries)

4 Gallium 
phosphide(polycrystalline, 
single crystal wafer, epitaxial 
wafer, etc.)

2853.9040.30
3818.0090.03
3825.6900.03

2853.9040 (phosphides, whether or not chemically defined, excluding 
ferrophosphorus)

3818.0090 (other monocrystalline silicon)
3825.6900 (other waste from chemical and allied industries)

5 Gallium 
arsenide(polycrystalline, 
single crystal wafer, epitaxial 
wafer, powder, scrap, etc.)

2853.9090.26
3818.0090.04
3825.6900.04

2853.9090 (other inorganic compounds)
3818.0090 (other monocrystalline silicon, discs, wafers, or similar 

forms, doped for use in electronics)
3825.6900 (other waste from chemical and allied industries)

6 Indium gallium arsenic 2853.9090.28
3818.0090.05
3825.6900.05

2853.9090 (other inorganic compounds)
3818.0090 (other monocrystalline silicon, discs, wafers, or similar 

forms, doped for use in electronics)
3825.6900 (other waste from chemical and allied industries)

7 Gallium selenide (polycrystal-
line, single crystal wafer, 
epitaxial wafer, powder, 
scrap, etc.)

2842.9090.24
3818.0090.06
3825.6900.06

2842.9090 (other salts of inorganic acids or peroxoacids)
3818.0090 (other monocrystalline silicon, discs, wafers, or similar 

forms, doped for use in electronics)
3825.6900 (other waste from chemical and allied industries)

8 Gallium antimonide (polycrys-
talline, single crystal wafer, 
epitaxial wafer, powder, 
scrap, etc.)

2853.9090.29
3818.0090.07
3825.6900.07

2853.9090 (other inorganic compounds)
3818.0090 (other monocrystalline silicon, discs, wafers, or similar 

forms, doped for use in electronics)
3825.6900 (other waste from chemical and allied industries)
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Figure 1.5. Graph showing China’s exports of gallium wrought metal (Harmonized Schedule code 8112.9990), as reported by 
China, from 2007 to 2023. Data are from Zen Innovations AG (2024).
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Table 1.7. Summary of China’s trade of gallium metal and gallium-containing wafers for 2021 to 2023.

[Values may not add to totals shown due to rounding. HS, Harmonized Schedule code, from Ministry of Commerce and General Administration of Customs 
[China] (2023)]

Category
China’s exports China’s imports

2021 2022 2023 2021 2022 2023

Unwrought metal (HS 8112.9290), in metric tons (t) of contained 
gallium

31 26 14 6 23 4

Wrought metal (HS 8112.9990), in t of contained gallium 45 68 31 0.9 0.2 0.3
Gallium contained in wafers (as reported by trade partner), in t of 

contained gallium
25 28 15 6 3 3

Total, in t of contained gallium 101 122 60 12 26 7

Table 1.8. Summary of U.S. trade data of gallium for 2021–23.

[Values may not add to totals shown due to rounding. GaAs, gallium arsenide]

Category
Imports Exports Net imports

2021 2022 2023 2021 2022 2023 2021 2022 2023

Quantity, in metric tons of contained gallium

Unwrought metal 4.9 11.4 11.4 0.9 0.9 0.4 4.0 10.5 11.1
Wrought metal 0.11 1.03 1.31 0.7 0.0 0.0 −0.6 1.0 1.3
GaAs wafers 80.2 82.0 54.8 9.4 7.6 3.2 70.8 74.5 51.7
Total 85.2 94.4 67.6 11.0 8.4 3.5 74.2 86.0 64.0

Monetary value, in million U.S. dollars

Unwrought metal 1.3 5.0 4.2 0.7 0.8 0.6 0.6 4.2 3.6
Wrought metal 0.1 0.5 0.4 1.4 0.0 0.0 −1.3 0.4 0.4
GaAs wafers 209.1 201.5 120.3 19.3 15.2 7.6 189.8 186.3 112.7
Total 210.6 207.0 124.9 21.5 16.0 8.2 189.1 191.0 116.7

Unit value, in U.S. dollars per kilogram of gallium

Unwrought metal 266 442 370 817 928 1,577 143 401 329
Wrought metal 1,205 439 300 1,976 4,734 0 2,113 435 298
GaAs wafers 2,607 2,457 2,194 2,062 2,011 2,425 2,679 2,502 2,180
Total 2,472 2,193 1,849 1,955 1,897 2,335 2,548 2,222 1,822
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the world in 2022. Similarly, an additional 42 t of gallium 
contained in new (preconsumer) scrap seems to have been 
exported from China to the rest of the world. Across all forms, 
China’s exports to and imports from the rest of the world 
summed to 185 t and 26 t of contained gallium, respectively, 
resulting in estimated net exports of 159 t in 2022.

Gallium Inventories Outside of China

As indicated in the material flow analysis (fig. 1.10), 
there were notable flows to inventory from China’s produc-
tion; these were calculated as the differences between the 
China’s primary low-purity production and the sum of China’s 
high-purity production, net exports of low-purity to the rest 
of the world, and China’s use of gallium in neodymium-iron-
boron (NdFeB) permanent magnets, with the latter being esti-
mated based on data in the literature (Project Blue Group Ltd., 

2023). The quantity of gallium held in inventories outside of 
China is not generally known. However, the amount that might 
be available was estimated, as follows: In 2022, consumer 
inventories in the United States were reportedly 2.78 t of 
contained gallium (U.S. Geological Survey, 2024). Although 
no data on inventories were reported, Japan’s government 
announced that it was looking to maintain 180-day inventories 
of 34 mineral commodities, including gallium (and germa-
nium)—an increase from the standard 60-day inventories it 
previously maintained (International Energy Agency, 2023a). 
Given Japan’s apparent consumption averaging 18 t for 
2017–21 (Japan Organization for Metals and Energy Security, 
2024), 180 days of inventories would equate to approximately 
9 t of gallium. South Korea has a similar list that includes gal-
lium, with a stated stockpile level of 100 days (International 
Energy Agency, 2023b). The quantity for 100 days of 
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consumption was estimated to be 3.3 t, given that the tar-
geted 60 days of inventory was reportedly 2 t (Risk & Policy 
Analysis Ltd., 2012).

Other countries around the world, especially those in 
Europe, may also hold inventories but no inventory levels 
were identified. In the sensitivity analysis for the high-impact 
case, all other countries were assumed to hold 60 days’ worth 
of their consumption in their inventory. Because of uncer-
tainty of the actual level of inventories held by Japan and 
South Korea, their inventory levels were set to 0 t in the low-
impact case.

U.S. Gallium Trade

Gallium import data for the United States 
(figs. 1.11–1.13) include unwrought gallium metal under 
Harmonized Tariff Schedule of the United States (HTS) code 
8112.9210 (U.S. International Trade Commission, 2024). 

The United States also reports imports of wrought articles 
of gallium metal under HTS code 8112.9991, but that code 
includes hafnium, indium, niobium, and rhenium, thereby 
making the gallium content undifferentiable from the other 
commodities. Instead, what other countries noted they 
exported to the United States (also known as mirror trade) 
where gallium data were reported separately was examined, 
instead. Because not all countries have gallium reported 
separately, these import quantities are likely an undercount. 
In addition to the imports of gallium metal, the U.S. imported 
gallium in the form of GaAs wafers. Export data were 
obtained exclusively from mirror trade given the lack of 
U.S. reported data for these gallium-containing products 
(figs. 1.14–1.16). U.S. import and export data for these gal-
lium products are displayed in figures 1.11 to 1.16.
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Figure 1.11. Graph showing U.S. imports of unwrought gallium metal (Harmonized Tariff Schedule of the United States code 
8112.9210.00), by country, from 2007 to 2023, as reported by the United States. Data are from Zen Innovations AG (2024).
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Figure 1.13. Graph showing U.S. imports of gallium-arsenide (GaAs) wafers doped (Harmonized Tariff Schedule of the United 
States [HTS] code 3818.0000.10) and undoped (HTS code 2853.9090.10), by country, from 2007 to 2023. Quantities are converted 
to gallium content assuming a content of 48.2 percent. Low-value imports (less than $200 per kilogram) were excluded. Data 
are collected at the district level. Data are from Zen Innovations AG (2024).
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U.S. Gallium Consumption

Consumption of gallium metal and compounds was 
reported by the USGS based on survey responses and 
estimates (fig. 1.17; Jaskula, 2021). The decrease in 
U.S. consumption of gallium metal and compounds in the 
mid-2010s reflects the shift in manufacturing to Asia.

Gallium metal and compounds were predominately used 
in the United States in integrated circuits (analog and digital) 
and optoelectronic devices (laser diodes, light emitting diodes 
[LEDs], photodetectors, and solar cells; fig. 1.17). The use of 
GaAs in analog integrated circuits includes radio frequency 
(RF) power amplifiers and switches, which are used in mobile 
handsets; wireless local-area network (WLAN) applica-
tions such as consumer electronics (for example, routers, 
game counsels, laptops, tables, and printers); and RF power 

applications for telecommunication infrastructure, and defense 
applications (for example, radar, electronic warfare and impro-
vised explosive devices jammers, electronic countermeasures, 
and military communication; Yole Développement, 2018). 
Gallium nitride (GaN) is used in RF applications for tele-
communication infrastructure; handset applications; defense 
applications (military radar, electronic warfare, and military 
communication); civilian radar and avionics; wired broadband; 
satellite communications; and RF energy applications (for 
example, plasma lighting, solid-state cooking, industrial dry-
ing and heating, medical tumor ablation, plasma scalpels, and 
automotive ignition; Yole Développement, 2019). GaN is also 
used in power applications for faster charging of consumer 
electronics; wireless charging; traction inverter, onboard 
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Figure 1.15. Graph showing U.S. exports of wrought gallium metal, as reported by trade partners what other countries 
noted they exported to the United States (also known as mirror trade), from 2007 to 2023. Data are from Zen Innovations 
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chargers, and direct-current (DC)-to-DC converters in elec-
tric and hybrid electric vehicles; as well as in various power 
devices for data centers and industrial applications.

In photonics, gallium is used in edge emitting lasers, 
surface emitting lasers, vertical-cavity surface-emitting lasers 
that are found in smartphones (for three-dimensional imaging 
and sensing, autofocus, and proximity sensors), data centers, 
medical applications, machine vision systems, industrial heat-
ing systems, legacy consumer electronics (for example, laser 
compact disc, digital video disc, and optical computer mice), 
and light detection and ranging (lidar) for automotive applica-
tions (Yole Développement, 2018). Gallium is also used in 
LEDs across the spectrum, from ultraviolet (used in curing and 
disinfection), to red, orange, and yellow LEDs used in lighting 
and displays in consumer electronics, automotive lighting, 
horticultural lighting, and residential and decorative lighting, 
to infrared LEDs used in optical telecommunications, opti-
cal mice, and remote controls (Yole Développement, 2018). 
Gallium is also used in solar photovoltaic (PV) technologies, 
including copper-indium-gallium-diselenide (CIGS) thin-film 
solar cells as well as III–V high-efficiency solar cells. More 
recently, gallium is used as a dopant in p-type silicon PV (as 
an alternative to boron) to reduce light-induced degradation 
(Feldman and others, 2024). In China, gallium is also used as 
an additive in rare earth (neodymium-iron-boron [NdFeB]) 
permanent magnets (Løvik and others, 2015).

The quantity of net imports of gallium metal (11.5 t in 
2022) was less than the quantity of reported consumption 
(19.7 t in 2022; table 1.9), suggesting that the trade data were 
indeed an underestimate. Unlike the net imports of the metals, 
net imports of GaAs wafers would likely be in addition to 
the U.S. consumption reported here. The total U.S. consump-
tion was estimated from the reported metal and compound 
consumption and the net imports of GaAs wafers (table 1.19). 
To estimate the monetary value of the reported consumption 
of gallium metals and compounds, the import unit value for 
2022, the weighted average of which was $404 per kilogram, 
was used.

Gallium in Semiconductor Applications

All U.S. consumption of gallium was in the semicon-
ductor and related device manufacturing industry (Bureau 
of Economic Analysis [BEA] industry code 334413; Bureau 
of Economic Analysis, 2023). The value of shipments of 
that industry totaled $58.7 billion in 2021 (U.S. Census 
Bureau, 2022), which was equivalent to 10.6 percent of the 
$555.9 billion global semiconductor device industry for the 
year (World Semiconductor Trade Statistics GmbH, 2022).

Gallium is used in various compound semiconduc-
tors (such as GaAs, GaN, and gallium phosphide), which 
together along with other compound semiconductors (for 
example, indium phosphide, silicon carbide, and silicon 
germanium [SiGe]) represent a relatively small percentage of 
total semiconductor device market. The composition of the 
U.S. semiconductor and related device manufacturing indus-
try’s (BEA industry 334314) revenues (fig. 1.18) provides 
some insights as to the percentage that may be linked to gal-
lium. At a minimum, gallium was used in the production of all 
LEDs, which accounted for about 5 percent of the industry’s 
output in 2021. Gallium was also used in, at least in part, of 
several other product categories (for example, light sensitive 
and light-emitting devices, transistors, PV modules, diodes, 
and rectifiers).

Market research data were examined next. In 2021, 
revenues from the sales of compound semiconductor devices 
in the United States were estimated to be $4.6 billion (Mordor 
Intelligence, 2022). Globally, gallium-based compound 
semiconductors were reported to have generated at least $13.7 
billion in 2021 out of a total of $22.9 billion for all compound 
semiconductors, or at least 59.7 percent (Mordor Intelligence, 
2022). Assuming that this share is applicable to the United 
States, at least $2.8 billion of revenue was estimated to be 
from gallium-based semiconductor devices in 2021. This rep-
resented 4.7 percent of total U.S. semiconductor and related 
device manufacturing (BEA industry 334413) industry’s 
revenues for that year, similar to the lower bound identified 
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when examining the composition of the industry’s output. 
Note that this was a rough estimate because market reports on 
the compound semiconductor market vary notably with no real 
consensus among them. For example, other market research 
reports (Market Research Future, 2023; MarketsandMar-
kets Research Pvt. Ltd., 2023a; Maximize Market Research 
Pvt. Ltd., 2023; Polaris Market Research, 2023; Precedence 
Research Pvt. Ltd., 2023; Verified Market Research, 2023) 
suggest that the global semiconductor device market size 
ranged from $34 billion to $43 billion in recent [2021–23] 
years. Taking the lower and upper values in that range and 
assuming the same ratio of U.S.-to-global compound semicon-
ductors and gallium-based to other compound semiconductors, 
the value of U.S. gallium-based compound semiconductor 
devices likely was estimated to range from 4 billion to 5.2 bil-
lion, or about 7 to 9 percent of the total output of the industry. 
A value of 7 percent ±2 percent was selected for this analysis.

Gallium Sensitivity Analysis

Given the large uncertainties, a sensitivity analysis was 
performed where each of the key parameters in the assessment 
was varied from the baseline case to provide “low-impact” and 
“high-impact” cases (table 1.10).

Estimating New Equilibrium Quantities and 
Prices of Gallium, by Scenario

Based on the estimated price elasticities, production, 
product capacities, trade, and inventories, the new equilib-
rium quantities and prices for different levels of disruptions to 
China’s net exports of gallium (in all forms) to the rest of the 
world were estimated (tables 1.11–1.13). In these scenarios, 
imports and exports for all forms of gallium were assumed to 
decrease proportionally (figs. 1.19–1.21).
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of Economic Analysis [BEA] industry 334413), in 2021, by product 
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Table 1.9. Estimated U.S. consumption of gallium metal, compounds, and gallium-arsenide wafers in 2022.

[GaAs, gallium arsenide]

Category
Quantity, in metric tons 

of gallium content
Monetary value, in 

millions of U.S. dollars
Unit value, in U.S. dollars per 

kilogram of gallium

Gallium metal and compounds 19.7 8.0 404
GaAs wafers (based on net imports) 74.5 186.3 2,502
Total 94.2 194.3 2,063
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Table 1.10. Parameters used for a gallium sensitivity analysis.

[GaAs, gallium arsenide]

Parameter
Low-

impact 
case

Baseline 
case

High-
impact 
case

Notes

China’s net exports, in 
metric tons (t) of contained 
gallium

96 159 214 Low-impact case was based on reported export data only (that is, as-
sumed there were no missing export data). Baseline case assumed 
there were missing export data equal to the amount necessary to 
fulfill the rest of the world primary high-purity and secondary pro-
duction. High-impact case assumed higher net exports proportionally 
across all forms such that the rest of the world high-purity production 
was at production capacity.

Inventories in the rest of the 
world, in t of contained 
gallium

24.2 15 2.8 Low-impact case assumed that, in addition to the reported or stated in-
ventories held by Japan, South Korea, and the United States, all other 
countries also held 60-days of gallium consumption. Note that the 
consumption level for these countries varied based on the assumed 
net exports of China and the consumption of Japan, South Korea, and 
the United States. In the baseline case, only the stated or reported 
inventories for the United States, Japan, and South Korea were in-
cluded. High-impact case assumed only the reported U.S. inventories 
were available.

Excess capacity (κ) in the 
rest of the world, in t of 
contained gallium

114 77.5 41 Low-impact case assumed all of the rest of the world capacity was 
available immediately. In the baseline case, in addition to currently 
producing countries’ excess production capacity, the countries that 
are not currently producing were assumed to be able to bring their 
capacity online but only after six months (therefore, half the quantity 
was available on an annual basis). High-impact case assumed only 
current low-purity gallium producers in the rest of the world (namely 
Japan, Russia, and South Korea) have excess production capacity.

U.S. apparent consumption, 
in t of contained gallium

19.7 94.2 126.7 Low-impact case assumed U.S. consumption is only for metals and 
compounds, as reported. In the baseline case, net imports of GaAs 
wafers were added to the reported consumption of metals and com-
pounds. High-impact case assumed consumption was assumed to be 
higher than the baseline case proportionally to the increase in China’s 
net export high-impact case.

Unit value of U.S. apparent 
consumption, in dollars 
per kilogram of contained 
gallium

404 2,063 2,502 Low-impact case assumed the unit price was that of the import unit 
value for the metals and compounds. The baseline case was based 
on the import unit value of metals, compounds, and GaAs wafer. 
High-impact case assumed the unit price was that of the GaAs wafer 
import unit price.

Percentage of semiconductor 
industry output that uses 
gallium (τ)

5 7 9 Values were estimated based on market reports.
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Table 1.11. Estimated gallium quantities and prices based on different levels of restriction of China’s net exports of gallium for the 
baseline case.

Parameter
Percent (%) decrease in China’s net exports (scenario)

0 10 20 30 40 50 60 70 80 90 100

China’s net exports to the rest of the 
world, in metric tons (t) of contained 
gallium

159.3 143.4 127.5 111.5 95.6 79.7 63.7 47.8 31.9 15.9 0.0

Decrease in China’s net exports to the rest 
of the world, in t of contained gallium

0.0 15.9 31.9 47.8 63.7 79.7 95.6 111.5 127.5 143.4 159.3

Releases of the rest of the world invento-
ries, in t of contained gallium

0.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0

Change in quantity available to the rest 
of the world (ΔQS), in t of contained 
gallium

0.0 1.0 16.9 32.8 48.8 64.7 80.6 96.6 112.5 128.4 144.4

Relative percent change in quantity avail-
able to the rest of the world (nS)

0.0 0.6 10.0 19.4 28.8 38.2 47.6 57.0 66.4 75.9 85.3

New-to-initial-price ratio for the rest of 
the world (P′/P)

1.0 1.0 1.1 1.2 1.4 1.5 1.7 1.9 2.1 2.3 2.6

New equilibrium quantity for the rest of 
the world [Q′(P′)], in t of contained 
gallium

169.3 168.8 159.9 151.4 143.3 135.6 128.2 121.3 114.7 108.5 102.5

Change in equilibrium quantity for the 
rest of the world (ΔQ′), in t of con-
tained gallium

0.0 0.6 9.4 17.9 26.0 33.8 41.1 48.1 54.6 60.8 66.9

Relative percent change in equilibrium 
quantity for the rest of the world (n′)

0.0 0.3 5.6 10.6 15.4 19.9 24.3 28.4 32.3 35.9 39.5

Primary production in the rest of the 
world, in t of contained gallium

10.0 10.4 17.5 24.9 32.7 40.9 49.5 58.5 67.9 77.6 87.5

Increase in the rest of the world's primary 
production (κu), in t of contained gal-
lium

0.0 0.4 7.5 14.9 22.7 30.9 39.5 48.5 57.9 67.6 77.5

Percent of the rest of the world's primary 
production capacity utilized

11.4 11.9 20.0 28.5 37.4 46.8 56.6 66.9 77.6 88.7 100.0
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Figure 1.19. Graph showing gallium demand and supply curves 
for the rest of the world at different levels of restriction of 
China’s net exports of gallium for the baseline case.
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Figure 1.20. Graph showing gallium demand and supply curves 
for the rest of the world at different levels of restriction of China’s 
net exports of gallium for the low-impact case.

Table 1.12. Estimated gallium quantities and prices based on different levels of restriction of China’s net exports of gallium for the 
low-impact case.

Parameter
Percent decrease in China’s net exports (scenario)

0 10 20 30 40 50 60 70 80 90 100

China’s net exports to the rest of the world, 
in metric tons (t) of contained gallium

96.0 86.4 76.8 67.2 57.6 48.0 38.4 28.8 19.2 9.6 0.0

Decrease in China’s net exports to the rest 
of the world, in t of contained gallium

0.0 9.6 19.2 28.8 38.4 48.0 57.6 67.2 76.8 86.4 96.0

Releases of the rest of the world invento-
ries, in t of contained gallium

0.0 9.6 19.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2 24.2

Change in quantity available to the rest of 
the world (ΔQS), in t of contained gallium

0.0 0.0 0.0 4.6 14.2 23.8 33.4 43.0 52.6 62.2 71.8

Relative percent change in quantity avail-
able to the rest of the world (nS)

0.0 0.0 0.0 4.3 13.4 22.4 31.5 40.6 49.6 58.7 67.7

New-to-initial-price ratio for the rest of the 
world (P′/P)

1.0 1.0 1.0 1.0 1.2 1.3 1.4 1.6 1.7 1.9 2.1

New equilibrium quantity for the rest of the 
world [Q′(P′)], in t of contained gallium

106.0 106.0 106.0 103.4 98.2 93.1 88.3 83.7 79.3 75.2 71.3

Change in equilibrium quantity for the rest 
of the world (ΔQ′), in t of contained 
gallium

0.0 0.0 0.0 2.6 7.8 12.9 17.7 22.3 26.7 30.8 34.7

Relative percent change in equilibrium 
quantity for the rest of the world (n′)

0.0 0.0 0.0 2.4 7.4 12.2 16.7 21.0 25.2 29.1 32.8

Primary production in the rest of the world, 
in t of contained gallium

10.0 10.0 10.0 12.0 16.3 20.9 25.7 30.7 35.9 41.4 47.0

Increase in the rest of the world's primary 
production (κu), in t of contained gallium

0.0 0.0 0.0 2.0 6.3 10.9 15.7 20.7 25.9 31.4 37.0

Percent of the rest of the world's primary 
production capacity utilized

8.1 8.1 8.1 9.7 13.2 16.9 20.7 24.7 29.0 33.4 37.9
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Table 1.13. Estimated gallium quantities and prices based on different levels of restriction of China’s net exports of gallium for the high-impact case.

Parameter
Percent decrease in China’s net exports (scenario)

0 10 20 30 40% 50 60 70 80 90 100

China’s net exports to the rest of the world, in 
metric tons (t) of contained gallium

214.0 192.6 171.2 149.8 128.4 107.0 85.6 64.2 42.8 21.4 —

Decrease in China’s net exports to the rest of 
the world, in t of contained gallium

0.0 21.4 42.8 64.2 85.6 107.0 128.4 149.8 171.2 192.6 214.0

Releases of the rest of the world inventories, in 
t of contained gallium

0.0 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8

Change in quantity available to the rest of the 
world (ΔQS), in t of contained gallium

0.0 18.6 40.0 61.4 82.8 104.2 125.6 147.0 168.4 189.8 211.2

Relative percent change in quantity available 
to the rest of the world (nS)

0.0 8.3 17.9 27.4 37.0 46.5 56.1 65.6 75.2 84.7 94.3

New-to-initial-price ratio for the rest of the 
world (P′/P)

1.0 1.1 1.2 1.3 1.5 1.9 2.4 3.4 4.9 7.8 14.8

New equilibrium quantity for the rest of the 
world [Q′(P′)], in t of contained gallium

224.0 213.6 202.1 191.1 180.7 160.8 139.4 118.0 96.6 75.2 53.8

Change in equilibrium quantity for the rest of 
the world (ΔQ′), in t of contained gallium

0.0 −10.4 −21.9 −32.9 −43.3 −63.2 −84.6 −106.0 −127.4 −148.8 −170.2

Relative percent change in equilibrium quan-
tity for the rest of the world (n′)

0.0 4.7 9.8 14.7 19.4 28.2 37.8 47.3 56.9 66.4 76.0

Primary production in the rest of the world, in t 
of contained gallium

10.0 18.2 28.1 38.5 49.5 51.0 51.0 51.0 51.0 51.0 51.0

Increase in the rest of the world's primary pro-
duction (κu), in t of contained gallium

0.0 8.2 18.1 28.5 39.5 41.0 41.0 41.0 41.0 41.0 41.0

Percent of the rest of the world's primary 
production capacity utilized

19.6 35.7 55.1 75.5 97.0 100.0 100.0 100.0 100.0 100.0 100.0

Demand

Initial supply

20406080100

0

2

4

6

8

10

12

14

16

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Ga
lli

um
 p

ric
e 

(in
iti

al
 p

ric
e 

= 
1)

Gallium quantity (initial quantity = 1)

China's net exports restricted, in percent

Figure 1.21. Graph showing gallium demand and supply curves 
for the rest of the world at different levels of restriction of China’s 
net exports of gallium for the high-impact case.
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Germanium

World Germanium Production and 
Production Capacity

There is a high degree of uncertainty regarding world 
germanium production. Estimates of germanium world 
primary production in 2022 were prepared based on the best 
available information (table 1.14).

Note that China’s primary germanium metal production 
has reportedly grown from 102.9 t in 2019 to 156 in 2021 
and 180 t (or possibly 187.5 t) in 2022 (Antaike, 2023; Asian 
Metals Ltd., 2021, 2023b). China’s production capacity has 
also reportedly increased notably from 230 t in 2019 to 307 t 
in 2021 and 309 t in 2022, with nearly half of the production 
capacity coming from 5 operations in Yunnan province out 
of a total of 10 operations in the country (Asian Metals Ltd., 
2023b). In contrast, production in Finland stopped in 2015–16 
(Lauri, 2019; Grohol and Veeh, 2023).

In addition to the production noted in the table above, 
Japan (Japan Organization for Metals and Energy Security, 
2023), Belgium (Umicore, 2021), Germany (Grohol and Veeh, 
2023), and the United States (U.S. Geological Survey, 2024) 
produced germanium from imported and secondary (new or 
preconsumer scrap) sources. These quantities are excluded 
from table 1.14 above to avoid double-counting.

China’s Trade of Germanium Products

China’s Ministry of Commerce announced on 
July 3, 2023, the export controls on six germanium prod-
ucts (table 1.15; Ministry of Commerce and General 
Administration of Customs (China), 2023).

Trade data were only available at the 8-digit HS codes 
(figs. 1.22–1.27; table 1.16). Therefore, trade data of ger-
manium under most of these codes were obscured because 
they include other products that do not contain germanium. 
Specifically, only trade data for germanium metal (under 
HS codes 8112.9210 and 8112.9910; fig. 1.22 and 1.25) are 
directly discernable as containing germanium in the data 
reported by China. However, trade of germanium oxides 
(fig. 1.23 and 1.26) and chlorides (fig. 1.24 and 1.27) can be 
estimated based on excluding materials below a threshold 
unit value, which was set at $300 per kilogram. Additionally, 
Taiwan reports trade of germanium wafers but the reported 
trade with China is negligible and is ignored to avoid double 
counting.

Given the uncertainty in the trade data, China’s total net 
exports were estimated by using reported production, con-
sumption, and market surplus data. Specifically, China’s net 
exports were estimated to likely be about 35 t in 2022 given 
reported domestic production (180 t of germanium), consump-
tion (122 t of germanium) and market surplus (23 t of germa-
nium; table 1.17; Antaike, 2023). This suggested that the 35 t 
of estimated trade data may be missing roughly 9 t of China’s 
net exports of germanium.

Table 1.14. Estimated world production of primary germanium by country, in 2022.

Country
Primary production, 

in metric tons

Primary production 
capacity, in metric 

tons
References and notes

Belgium 4 10 Quantities were estimated based on information provided by (Grohol 
and Veeh, 2023) and exclude secondary production.

Canada 20 30 Production quantity estimated based on reported exports under HS 
codes 28.2560.00 and 28.2739.00, with unit values above $300 per 
kilogram. Capacity was estimated based on recent historic production 
levels.

China 180 309 Quantities are reported product estimates of germanium metal (Antaike, 
2023; Asian Metals Ltd., 2023b)

Finland 0 20 There has been no primary germanium production in Finland since 
2016 (Lauri, 2019; Grohol and Veeh, 2023). Production capacity 
was estimated based on previously reported production (Geological 
Survey of Finland, 2016).

Russia 6 20 Estimates were based on information for 2023 from news reports 
(Stolyarov and others, 2023).

Ukraine 0 ≤1 Estimates suggest production may have been around 1 metric ton 
(Reichl and Schatz, 2023), but it is believed that production was 
likely less than 1 metric ton or 0.

Total 210 389
Total outside China 30 80
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Table 1.15. Harmonized System codes for germanium products with recent export controls by China.

[Harmonized Commodity Description and Coding System (HS) codes are from Ministry of Commerce and General Administration of Customs [China] (2023)]

Commodity
China 10-digit 

HS code
China 8-digit HS code with available data

Germanium metal 8112.9210.10
8112.9210.90
8112.9910.00

8112.9210 (unwrought germanium metal)
8112.9910 (other germanium and articles thereof)

Germanium ingots, zone refined 8112.9210.90 8112.9210 (unwrought germanium metal)
Germanium-zinc phosphide 2853.9040.40

3818.0090.08
3825.6900.08

2853.9040 phosphides, whether or not chemically defined, excluding 
ferrophosphorus

3818.0090 other monocrystalline silicon, in the form of discs, wafer or 
similar form, chemical compounds doped for use in electronics

3825.6900 other waste from chemical and allied industries
Germanium epitaxial growth substrate 8112.9210.90 8112.9210 (unwrought germanium metal)
Germanium oxides 2825.6000.02

3818.0090.09
3825.6900.09

2825.6000 germanium oxides and zirconium dioxides
3818.0090 other monocrystalline silicon, in the form of discs, wafer or 

similar form, chemical compounds doped for use in electronics
3825.6900 other waste from chemical and allied industries

Germanium tetrachloride 2827.3990.01
3818.0090.10
3825.6900.10

28273990 other chlorides
3818.0090 other monocrystalline silicon, in the form of discs, wafer or 

similar form, chemical compounds doped for use in electronics
3825.6900 other waste from chemical and allied industries
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Figure 1.22. Graph showing China’s exports of germanium metal (Harmonized System codes 8112.9210 and 8112.9910), as 
reported by China, by country, from 2007 to 2023. Data exclude low-value (less than $300 per kilogram) shipments that were 
thought to be low-purity scrap. Data are from Zen Innovations AG (2024).

Table 1.16. Summary of estimated trade of germanium by China, by form, in 2022.

Commodity Exports Imports Net exports

Germanium metal 43.7 8.0 35.7
Germanium oxides 0.7 8.4 −7.7
Germanium chlorides 0.6 2.4 −1.8
Total 45.0 18.8 26.2
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Figure 1.23. Graph showing China’s exports of germanium oxides (Harmonized System code 2825.6000), as reported by 
China, by country, from 2007 to 2023. Data exclude low-value (less than $300 per kilogram) shipments that were thought to be 
zirconium oxide. Data are from Zen Innovations AG (2024).
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Figure 1.24. Graph showing China’s exports of germanium chlorides (Harmonized System code 2827.3990), as reported by 
China, by country, from 2007 to 2023. Data exclude low-value (less than $300 per kilogram) shipments that were thought to 
be other chlorides. Data are from Zen Innovations AG (2024).
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Figure 1.25. Graph showing China’s imports of germanium metal (Harmonized System codes 8112.9210 and 8112.9910), as 
reported by China, by country, from 2007 to 2023. Data exclude low-value (less than $300 per kilogram) shipments that were 
thought to be low-purity scrap. Data are from Zen Innovations AG (2024).
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Table 1.17. China’s reported production, consumption, market surplus, and net exports.

Category
Quantity, in 

metric tons of 
germanium

References and notes

Primary production 180 Antaike (2023)
Domestic consumption 122 Antaike (2023)
Market surplus (net additions to inventories) 23 Antaike (2023)
Total net exports based on mass balance 35 Primary production less consumption and market surplus
Estimated net exports from trade data 26 See table 1.16
Missing net exports from trade data estimate 9 Total exports less reported net exports
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Figure 1.26. Graph showing China’s imports of germanium oxides (Harmonized System code 2825.6000), as reported by 
China, by country, from 2007 to 2023. Data exclude low-value (less than $300 per kilogram) shipments that were thought 
to be zirconium oxide. Data are from Zen Innovations AG (2024).
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Figure 1.27. Graph showing China’s imports of germanium chlorides (Harmonized System code 2827.3990), as reported by 
China, by country, from 2007 to 2023. Data exclude low-value (less than $300 per kilogram) shipments that were thought to be 
other chlorides. Data are from Zen Innovations AG (2024).
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Germanium Inventories Outside of China

Aside from China, there were some germanium inven-
tories held by governmental agencies. In the United States, 
the Defense Logistics Agency held 14 t of uncommitted 
germanium metal as of 2022 (Thomas, 2023). Japan listed 
germanium as a critical mineral for stockpiling and was 
thus assumed to have 180 days of inventories (International 
Energy Agency, 2023a). In 2022, Japan imported 3.709 t of 
unwrought germanium metal (Japan HS code 8112.9291.0) 
and 13.221 t of germanium oxide (GeO2; 9.178 t of germa-
nium content; Japan HS code 2825.6010.0; Zen Innovations 
AG, 2024). Japanese exports were very small at 93 kilograms 
(kg) of GeO2 (64.5 kg of germanium content; Zen Innovations 
AG, 2024). Japan’s imports of GeO2 were reported separately 
from any other commodity, but their exports are reported 
with zirconium oxide (ZrO2), and thus the standard unit value 
cutoff ($300 per kilogram) was applied. Japan’s net imports 
were thus estimated to be 12.8 t of germanium. Assuming net 
imports were equal to consumption, Japan was estimated to be 
holding 6.3 t of germanium in inventories.

Even though South Korea has a list of critical mineral 
commodities that were to be held in strategic inventories, 
germanium was not listed among them (International Energy 
Agency, 2023b). The scenarios used in this report assumed 
no inventories of germanium were held by South Korea. No 
information was found for any other inventories. Total ger-
manium inventories for the rest of the world thus summed to 
20.3 t of germanium.

U.S. Germanium Trade

The United States imported germanium under several 
HTS codes. Specifically, U.S. imports and exports include 
GeO2 and ZrO2 (HTS code 2825.60.0000); unwrought 
germanium (HTS code 8112.92.6000 starting in 2007, HTS 
code 8112.30.6000 before 2007); germanium powder (HTS 
code 8112.92.6500 starting in 2007); articles of germanium 
wrought, waste scrap, powders not elsewhere specified or 
included (HTS code 8112.99.1000 starting in 2007); and 
germanium waste and scrap (HTS code 8112.30.3000 before 
2007; figs. 1.28–1.32; tables 1.18–1.22). To estimate the 
germanium content, low-value (less than $300 per kilogram) 
entries are excluded because it was believed they were ZrO2 of 
the oxide HTS code or low-quality scrap for the metal HTS or 
misclassified materials. The resultant quantities for the oxide 
HTS code were further multiplied by 69.4 percent to obtain 
germanium content by using standard stoichiometric ratios 
(Commission on Isotopic Abundances and Atomic Weights 
and International Union of Pure and Applied Chemistry, 
2021).

Finally, trade of germanium tetrachloride (GeCl4) were 
reported under HTS code 2827.39.9000 (other chlorides not 
elsewhere specified or included; tables 1.18–1.19). Low-value 
(less than $300 per kilogram) trades were excluded under 
the assumption that low-value materials were other (non-
germanium) chlorides. The results were then multiplied by 
33.9 percent to obtain germanium content by using standard 
stochiometric ratios (Commission on Isotopic Abundances and 
Atomic Weights and International Union of Pure and Applied 
Chemistry, 2021). Although there is uncertainty in this 
approach, GeCl4 imports from Canada to Seattle, Washington, 
for 2016–19 match perfectly with those reported to Teck 
America, Inc. in the U.S. Environmental Protection Agency 
(2020, 2023) Chemical Data Reporting (CDR) database under 
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Figure 1.28. Graph showing U.S. imports of germanium metal (Harmonized Tariff Schedule of the United States codes 
8112.92.6000, 8112.92.6500, 8112.99.1000), in metric tons of germanium content, by country, from 2007 to 2023. Data exclude 
low-value (less than $300 per kilogram) shipments that were thought to be low-purity scrap.
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Figure 1.29. Graph showing U.S. imports of germanium oxide (Harmonized Tariff Schedule of the United States code 
2825.60.0000), in metric tons of germanium content, by country, from 2007 to 2023. Data exclude low-value (less than $300 
per kilogram) shipments that were thought to be zirconium oxide.

Table 1.18. Summary of quantities of U.S. imports of germanium, by type.

[Values are in metric tons of germanium content. HTS, Harmonized Tariff Schedule of the United States (U.S. International Trade Commission, 2024)]

Year
Oxide 

HTS 28.2560.0000
Chloride 

28.2739.9000
Metal

Total
81.1292.6000 81.1292.6500 81.1299.1000

2007 23.0 0.1 7.3 8.0 8.3 46.7
2008 34.3 1.0 18.4 4.6 9.6 67.9
2009 20.9 2.9 13.7 5.4 8.0 50.9
2010 15.6 1.4 17.3 1.9 7.6 43.8
2011 7.9 2.2 20.5 1.5 5.4 37.5
2012 11.0 5.9 29.3 1.2 5.3 52.7
2013 21.6 3.3 23.6 0.6 7.5 56.6
2014 13.8 0.8 18.5 0.8 3.5 37.6
2015 18.0 4.0 16.2 0.9 2.9 42.0
2016 20.4 2.7 6.5 2.2 2.1 33.9
2017 10.9 4.3 7.0 1.8 2.0 26.0
2018 11.3 6.8 8.1 1.3 1.8 29.2
2019 21.6 7.0 10.7 1.7 1.4 42.3
2020 11.2 3.2 10.8 1.4 2.1 28.6
2021 16.7 4.1 10.5 1.2 2.7 35.3
2022 15.3 4.4 14.9 0.3 1.1 36.1
2023 14.4 5.9 14.9 5.8 1.4 42.3
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Figure 1.30. Graph showing U.S. imports of germanium chlorides (Harmonized Tariff Schedule of the United States codes 
2827.39.9000), in metric tons of germanium content, by country, from 2007 to 2023. Data exclude low-value (less than $300 
per kilogram) shipments that were thought to be other chlorides. Imports from Canada are enumerated to highlight that they 
match data from a different data source.

Table 1.19. Summary of value of U.S. imports of germanium by type.

[Values are in million U.S. dollars. HTS, Harmonized Tariff Schedule of the United States (U.S. International Trade Commission, 2024)]

Year
Oxide 

HTS 28.2560.0000
Chloride 

28.2739.9000
Metal

Total
81.1292.6000 81.1292.6500 81.1299.1000

2007 18.3 0.2 5.9 9.3 12.1 45.7
2008 33.1 0.9 17.2 7.6 14.8 73.8
2009 19.9 3.6 14.3 8.9 11.9 58.7
2010 15.1 1.6 14.3 3.1 9.0 43.2
2011 9.7 2.7 29.0 2.2 8.1 51.7
2012 13.4 9.3 38.6 1.7 7.2 70.1
2013 28.1 4.9 38.5 1.0 9.9 82.3
2014 21.5 1.5 32.2 1.8 6.4 63.5
2015 23.3 6.2 24.8 1.8 4.9 60.9
2016 22.4 3.9 6.8 2.6 3.3 39.1
2017 7.8 5.1 7.1 2.2 2.5 24.8
2018 13.9 10.0 10.6 2.3 2.8 39.7
2019 27.0 10.1 13.3 2.8 2.0 55.2
2020 10.4 4.7 11.8 3.0 2.7 32.6
2021 14.9 5.0 11.8 2.5 3.5 37.7
2022 17.2 5.5 19.4 0.5 1.7 44.3
2023 15.8 8.8 20.0 6.2 2.5 53.2
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Table 1.20. Summary of quantities of U.S. exports of germanium by type.

[Values are in metric tons of germanium content. HTS, Harmonized Tariff Schedule of the United States (U.S. International Trade Commission, 2024)]

Year
Oxide 

HTS 28.2560.0000
Metal

Total
81.1292.6100 81.1299.1000

2007 0.0 22.1 8.0 30.1
2008 0.0 24.1 9.6 33.7
2009 0.1 28.6 6.6 35.3
2010 7.6 22.7 3.5 33.8
2011 0.3 9.4 6.3 16.0
2012 3.1 12.0 8.1 23.2
2013 1.6 10.3 7.2 19.1
2014 0.6 4.0 8.3 13.0
2015 3.9 6.6 1.7 12.2
2016 1.2 3.7 1.2 6.1
2017 6.0 3.4 0.5 9.9
2018 0.9 4.1 1.3 6.3
2019 0.8 2.2 1.9 4.8
2020 1.0 2.2 4.5 7.6
2021 2.3 3.3 2.7 8.3
2022 0.3 5.4 1.6 7.3
2023 0.2 3.1 5.2 8.5
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Figure 1.31. Graph showing U.S. exports of germanium oxide (Harmonized Tariff Schedule of the United States code 
2825.60.0000), in metric tons of germanium content, from 2007 to 2023. Data exclude low-value (less than $300 per 
kilogram) shipments that were thought to be zirconium oxide.
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Table 1.21. Summary of value of U.S. exports of germanium by type.

[Values are in million U.S. dollars. HTS, Harmonized Tariff Schedule of the United States (U.S. International Trade Commission, 2024)]

Year
Oxide 

HTS 28.2560.0000
Metal

Total
81.1292.6100 81.1299.1000

2007 0.0 15.3 8.5 23.8
2008 0.0 18.2 11.4 29.6
2009 0.1 19.7 8.8 28.6
2010 3.7 13.1 3.7 20.6
2011 0.2 7.7 7.5 15.4
2012 1.7 10.8 11.0 23.5
2013 0.9 10.2 10.8 21.9
2014 0.4 5.6 12.9 18.9
2015 2.3 4.7 2.8 9.8
2016 0.8 3.6 1.2 5.6
2017 3.5 2.9 0.5 6.9
2018 0.6 3.9 1.4 5.9
2019 0.5 2.3 1.9 4.8
2020 0.6 2.5 3.6 6.7
2021 1.3 3.8 2.5 7.6
2022 0.2 5.6 1.2 6.9
2023 0.2 4.4 4.8 9.4
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Figure 1.32. Graph showing U.S. exports of germanium metal (Harmonized Tariff Schedule of the United States codes 
81.1292.6100 and 81.1299.100), in metric tons of germanium content, from 2007 to 2023. Data exclude low-value (less than $300 
per kilogram) shipments that were thought to be low-purity scrap.
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GeCl4 (table 1.18), which would indicate the accuracy of the 
approach used in this report. Moreover, this cutoff value was 
varied in the sensitivity analysis. In addition to germanium 
metal, oxides, and chlorides, germane gas (GeH4) was likely 
imported by the United States under HTS code 2804.29.0050, 
where it was combined with other rare gases, making the 
trade of GeH4 undiscernible. Using bill of lading data, a total 
of 268 canisters were identified as being imported into the 
United States in 2022 (ImportGenius, 2024). Assuming each 
canister contained 2.6 kg of GeH4 (Air Liquide Advanced 
Materials, 2015), total imports of germanium contained in 
these canisters were calculated to be approximately 0.66 t. No 
exports of GeH4 were reported. Trade of germanium wafer 
is reported under HTS code 3819.00.0090, but that code also 
contained various types of wafers (aside from GaAs wafers), 
so the quantity of germanium wafers cannot be discerned. 
However, Taiwan reports germanium wafer trade separately 
under HS code 3818.00.10200, but no trade was reported with 
the United States in 2022. Overall net imports for the United 
States were estimated to be 29.5 t in 2022.

U.S. Germanium Consumption

The USGS estimated U.S. consumption of germanium 
to be roughly 30 metric tons per year (t/yr) for the past few 
years (U.S. Geological Survey, 2024). This estimate matches 
the quantities reported (table 1.23) by the U.S. Environmental 
Protection Agency (EPA) in the Chemical Data Reporting 

(CDR) database (U.S. Environmental Protection Agency, 
2023). Note, however, that the quantity reported in the CDR 
includes manufacturing of GeCl4, which is noted in the CDR 
database as recycled materials. This is presumed to be entirely 
new (preconsumer) scrap recycling from fiber optic manufac-
turing and thus would not be counted in a consumption calcu-
lation. Also, note that the CDR data do not include imports of 
germanium metal or GeH4. Finally, note that there are certain 
annual reporting thresholds (U.S. Environmental Protection 
Agency, 2020) for the CDR so the absolute quantities reported 
in the CDR are likely an undercount. The quantity consumed 
in the United States was estimated based on a calculated 
apparent consumption, which is the sum of domestic produc-
tion, net imports, and any stock changes.

The Red Dog zinc-lead mine in Alaska produces a zinc 
concentrate that contains germanium (U.S. Geological Survey, 
2024). A portion of this concentrate is sent to a zinc-lead refin-
ery in Canada where germanium is recovered as a byproduct 
in the form of GeO2 and GeCl4. However, given that germa-
nium recovery takes place outside of the United States, it is 
not included in the U.S. production estimate.

The Defense Logistics Agency initiated a germanium 
recycling program in 2022 to recycle germanium lenses from 
decommissioned military equipment but it was not clear 
what, if any, quantities were recovered in 2022 (Reece, 2022). 
Production in the United States, thus, was likely limited to sec-
ondary (new scrap recycled) production. Specifically, a refin-
ery in Oklahoma recovered germanium from industry scrap to 
produce GeCl4 for fiber optics (likely to be the quantities listed 

Table 1.22. Summary of U.S imports, exports, and net import of germanium quantity, value, and unit value.

Year
Quantity, in metric tons of germanium

Monetary value, in millions of U.S. dol-
lars

Unit value, in U.S. dollars per kilogram 
of germanium

Imports Exports Net imports Imports Exports Net imports Imports Exports Net imports

2007 46.7 30.1 16.6 45.7 23.8 21.9 978.9 790.9 1,320.8
2008 67.9 33.7 34.2 73.8 29.6 44.1 1,087.1 879.9 1,291.3
2009 50.9 35.3 15.6 58.7 28.6 30.1 1,152.7 808.7 1,931.6
2010 43.8 33.8 10.0 43.2 20.6 22.6 986.2 609.0 2,263.9
2011 37.5 16.0 21.5 51.7 15.4 36.3 1,377.6 961.7 1,687.1
2012 52.7 23.2 29.5 70.1 23.5 46.6 1,330.0 1,012.5 1,580.1
2013 56.6 19.1 37.5 82.3 21.9 60.4 1,454.8 1,144.7 1,613.0
2014 37.6 13.0 24.6 63.5 18.9 44.5 1,689.3 1,459.7 1,810.2
2015 42.0 12.2 29.7 60.9 9.8 51.1 1,451.3 803.7 1,718.0
2016 33.9 6.1 27.8 39.1 5.6 33.5 1,153.4 918.7 1,205.0
2017 26.0 9.9 16.1 24.8 6.9 17.9 954.0 700.3 1,110.3
2018 29.2 6.3 22.9 39.7 5.9 33.8 1,360.5 935.5 1,476.6
2019 42.3 4.8 37.5 55.2 4.8 50.4 1,304.8 995.3 1,344.9
2020 28.6 7.6 21.0 32.6 6.7 25.9 1,137.9 879.0 1,231.3
2021 35.3 8.3 27.0 37.7 7.6 30.1 1,067.6 913.0 1,115.0
2022 36.1 7.3 28.8 44.3 6.9 37.4 1,227.4 952.9 1,296.7
2023 42.3 8.5 33.8 53.2 9.4 43.8 1,257.5 1,102.7 1,296.5
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Table 1.23. Reported U.S. consumption of germanium compounds in kilograms of contained germanium.

[By year, company, and form, as reported in the Chemical Data Reporting database (U.S. Environmental Protection Agency, 2023). Quantities are converted to germanium content based on standard stoichio-
metric ratios. Percentages may not add to totals shown due to rounding. GeCl4, germanium tetrachloride; GeO2, germanium oxide]

Company Form
Import or 

manufacture
Reported use

Consumption, in kilograms of contained germanium Percentage 
of 4-year 

totals
2016 2017 2018 2019 4-year total

Teck American Inc. GeCl4 Import Electrical or electronics 1,107 2,943 4,580 4,336 12,965 11
Umicore USA, Inc. GeCl4 Manufacture Doping agent in optical fiber 12,776 13,666 13,737 9,754 49,932 43
Teck American Inc. GeO2 Import Phosphors, transistors, diodes, and infrared 

transmitting glass
3,193 10,334 5,873 11,677 31,087 27

Umicore USA, Inc. GeO2 Import Intermediate 13,931 0 4,968 4,375 23,273 20
Total 30,007 26,952 29,157 30,142 117,258 100
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in table 1.23 as being manufactured; U.S. Geological Survey, 
2024). Germanium wafers were produced by a company in 
Utah from imported and recycled germanium (U.S. Geological 
Survey, 2024). Additionally, a zinc smelter in Tennessee, 
which produces germanium leach concentrates, was planning 
to construct a gallium and germanium processing plant that 
would have the capability of recovering 40 t/yr of germa-
nium (U.S. Geological Survey, 2024). Given that there was 
no primary germanium production, no old (postconsumer) 
scrap recycling in the United States, and no reported releases 
from inventories (U.S. Geological Survey, 2024), U.S. appar-
ent consumption of primary germanium is equivalent to net 
imports, which for 2022 was estimated to be 29.5 t.

Germanium Applications

Data from the USGS Mineral Commodity Summaries 
(U.S. Geological Survey, 2024) suggest that, in recent years, 
germanium was used in the following proportions in the 
United States: 40 percent in fiber optics, 30 percent in infrared 
optics, 20 percent in electronics and solar applications, and 
10 percent in other uses. These quantities were last reported 
for 2016 and continue a shift during the past few decades 
towards larger quantities of germanium being used in fiberop-
tics (Butterman and Carlin, 2004).

Data from Asian Metals suggest that global uses of 
germanium in 2020–22 were as follows: 30 percent in optical 
fiber, 20 percent in infrared, 20 percent as polymerization 
catalyst, 15 percent in solar PV, and 15 percent in other uses 
(Asian Metals Ltd., 2023b).

Germanium in Fiberoptic Systems
GeCl4 is oxidized to form GeO2, which is then used as a 

dopant in fiber optics to slightly increase the refractive index 
of the core glass relative to the cladding. The U.S. market for 
fiberoptic preform (the solid glass rod precursor to optical 
fibers and, ultimately, optical fiber cable that is manufactured 
using GeCl4 and SiCl4) was estimated to be $412 million, 
or roughly 10 percent of the global market in 2021 (Grand 
View Research, 2023). Similarly, the North American market 

demand for optical fiber cable was estimated to have been 
64 million fiber-kilometers (13 percent of world demand) in 
2018 (Sterlite Technologies Ltd., 2023) and to have increased 
to 82 million fiber-kilometers (16 percent of world demand) 
in 2021 Sterlite Technologies Ltd., 2023). This represents 
a major increase compared with the past few decades. In 
1986, for example, U.S. production capacity for optical fiber 
cable was estimated to be a little more than 3 million fiber-
kilometers (Johnson and Linkins, 1988). Factoring in net 
exports (under HTS codes 8544.70.0000 and 9001.10.0030) to 
estimate production (rather than demand) and the U.S. share of 
North American production (estimated to be about 56 percent 
for 2022; Gaurav, 2018), U.S. manufacturing of optical fiber 
cable was estimated to be 48 million fiber-kilometers or 
9.7 percent of the world total (roughly the same percentage of 
the world total for the preform market).

The quantity of germanium used in optical fiber cable 
was estimated based on the length of optical fiber cable manu-
factured and the germanium content per unit of optical fiber 
cable length. Single-mode cables typically have a core with 
diameters that range between 8.3 to 10 micrometers (μm), 
whereas multimode cables typically have a core with diam-
eters that range from 50 to 100 μm, with the most common 
size in the United States being 62.5 μm (Gaurav, 2018). In 
North America, roughly 35 percent of the market is for single-
mode cables, and 54 percent is for multimode cables, with the 
remaining 10 percent being plastic optical fiber (Grand View 
Research, 2019). Using these market fractions and diameters, 
an assumed GeO2 content of 4 percent (2.8 percent germa-
nium; Bell Labs-Lucent Technologies, 1997), and a density 
of 2.2 grams per cubic centimeter (g/cm3) for fused silica, 
the quantity of germanium contained in optical fiber cable 
produced in the United States in 2021 was estimated to be 
approximately 5 t (table 1.24).

There are, however, significant losses of germanium 
during oxidation (70 to 85 percent of the starting GeCl4 is not 
oxidized) and deposition (50 percent efficiency), leaving only 
8 to 15 percent of the starting germanium ultimately being 
incorporated into the final optical fiber cable (Licht and others, 
2015). Around 80 to 95 percent of the germanium that enters 
these waste streams is regularly recovered (Licht and others, 
2015). As such, 60 percent of the germanium that is used in 

Table 1.24. Germanium contained in fiberoptic cable laid in the United States in 2021–22.

Variable
Single-mode fiber 

optic
Multimode fiber 

optic

Diameter, in micrometers 9 62.5
Volume, in cubic meters, per fiber-kilometer 0.06 3.07
Mass of total fiber optic core, in grams, per fiber-kilometer 0.14 6.75
Germanium content, in grams, per fiber-kilometer 0.0039 0.19
Market share of single-mode and multimode fiber optics in the United States, in percent 35.5 54.4
Length of fiber optic manufactured in the United States in 2021, in million fiber-kilometers 17.2 26.3
Quantity of germanium contained in fiber optic produced in the United States, in metric tons 0.07 4.9
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the production of optical fiber cable comes from recycled 
materials (Jorgenson, 2006; Licht and others, 2015). The ratio 
of germanium from primary materials to germanium incor-
porated in the optical fiber cable was, in turn, calculated to be 
2.68:1 (Licht and others, 2015). Accordingly, the total quan-
tity of primary germanium used in the manufacture of fiber 
optics in the United States was estimated to be roughly 13.3 t 
(4.97 t×2.68). This is similar to the quantity estimated to have 
been consumed during the past few decades (Butterman and 
Jorgenson, 2005).

According to the North American Product Classification 
System (NAPCS), in the United States, manufacturing of fiber 
optic cable for communication and for all other applications 
is classified under two NAPCS collection codes, respectively: 
2039.15.000 and 2039.17.5000. These two commodities 
are produced mainly by the fiberoptic cable manufacturing 
industry (North America Industry Classification System 
[NAICS] code 335921). To a much smaller degree, they are 
also produced under the other communication and energy wire 
manufacturing (BEA industry 335929) industry. In the BEA 
input-output tables (Bureau of Economic Analysis, 2023), 
these two NAICS codes are combined under the communica-
tion and energy wire and cable manufacturing (code 335920) 
industry group. The value of the commodities produced under 
these two NAICS codes totaled $3,132 million in 2021, about 
23 percent of the 335920 industry group’s output (table 1.25).

The NAPCS code 2039.15.000 was also produced by 
several other NAICS codes, namely 327212 ($52.8 million), 
327215 ($5.4 million), 33441 ($11.9 million), and 339999 

($125.8 million). The value of this NAPCS code as a percent-
age of the corresponding BEA industry group was relatively 
small, ranging from 0.01 percent to 0.44 percent. The ger-
manium quantity for this application was thus allocated 
proportionally to the value of shipments of each corresponding 
BEA industry group.

Germanium in Infrared Optics
Given its transparency to part of the infrared electro-

magnetic spectrum, germanium is used as lenses and win-
dows for infrared optical systems in defense and nondefense 
applications, including surveillance, reconnaissance, and 
target-acquisition applications (Shanks and others, 2017). 
Germanium competes with other materials (for example, zinc 
selenide) and is optimal for night vision and thermal imag-
ing in the medium- and long-wave infrared band, ideally 
between 8 and 12 μm (Rowe, 2024). U.S. consumption of 
infrared lenses was estimated to represent less than one-third 
(32.5 percent) of the global market in 2017 (QY Research, 
2019). Assuming this proportion holds for germanium lens 
production, U.S. consumption of germanium in infrared lenses 
was estimated to be as follows: global germanium use in infra-
red optics was about 30 t (152 t for China’s plus the rest of 
the world’s consumption of primary germanium × 20 percent 
market share for the infrared lens application), of which the 
United States consumed about 9.9 t (30 t × 32.5 percent mar-
ket share for the United States).

Year
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Figure 1.33. Graph showing U.S. manufacturers sales on defense and nondefense sales of imaging and sensors, by product, from 
2001 to 2005, as reported by the Office of Strategic Industries and Economic Security at the U.S. Department of Commerce Bureau of 
Industry and Security (DeMarines and Botwin, 2006).
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Table 1.25. U.S. applications for germanium and connections to industry codes.

[BEA, Bureau of Economic Analysis; NAICS, North American Industry Classification System; NAPCS, North American Product Classification System; τ, percentage of BEA industry output that uses the 
mineral commodity listed, also known as percent connected; NA, not applicable; %, percent (expresses fraction of U.S. consumption of germanium consumed by the application or subcategory; values may not 
add to totals shown due to rounding]

Application Subcategory BEA industry
NAICS code and description1 NAPCS collection code and 

description1Name and description % Description % Code and description τ, in %

Fiber optic systems: Dopant 
of silica glass used in op-
tical fibers to increase the 
refractive index. Fiber 
optic systems are used 
for telecommunication 
networks.

45.2 Fiber optic cable manufac-
tured by communication 
cable manufacturers

43 335920—Communication 
and energy wire and cable 
manufacturing

22.9 335921—Fiber optic cable 
manufacturing 
335929—Other communica-
tion and energy wire manu-
facturing

2039150000—Manufacturing 
of fiber optic cable, for com-
munications applications

2039175000—Manufacturing 
of fiber optic cable, for all 
other applications

Fiber optic cable manufac-
tured by glass manufac-
turers

0.8 327200—Glass and glass 
product manufacturing

0.18 327212—Other pressed and 
blown glass and glassware 
manufacturing

2039150000—Manufacturing 
of fiber optic cable, for com-
munications applications

0.02 327215—Glass product manu-
facturing made of purchased 
glass

Fiber optic cable manu-
factured by electronics 
component manufacturers

0.2 33441A—Other electronic 
component manufacturing

0.05 334417—Electronic connector 
manufacturing

334419—Other electronic com-
ponent manufacturing

Fiber optic cable manufac-
tured by miscellaneous 
manufacturers

1.7 339990—All other miscella-
neous manufacturing

0.44 339999—All other miscella-
neous manufacturing

Infrared optics: Lenses and 
windows, for infrared 
optical systems

33.7 Night-vision equipment, 
mainly for military use

1.0 333314—Optical instrument 
and lens manufacturing

2.402 333314—Optical instrument 
and lens manufacturing

2018575012—Manufacturing 
of night vision goggles and 
equipment

Infrared surveillance devices 33 334511—Search, detection, 
and navigation instruments 
manufacturing

6.902 334511—Search, detection, 
navigation, guidance, aero-
nautical, and nautical system 
and instrument manufacturing

2017500003—Manufacturing 
of light reconnaissance 
and surveillance electronic 
systems and equipment

Semiconductors and solar 
cells: Semiconductor de-
vices used in transistors, 
high-speed integrated cir-
cuits and light-emitting 
diodes, and solar cells

19.0 NA NA 334413—Semiconductor and 
related device manufac-
turing

2.103 334413—Semiconductor and 
related device manufacturing

NA
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Table 1.25. U.S. applications for germanium and connections to industry codes.—Continued

[BEA, Bureau of Economic Analysis; NAICS, North American Industry Classification System; NAPCS, North American Product Classification System; τ, percentage of BEA industry output that uses the 
mineral commodity listed, also known as percent connected; NA, not applicable; %, percent (expresses fraction of U.S. consumption of germanium consumed by the application or subcategory; values may not 
add to totals shown due to rounding]

Application Subcategory BEA industry
NAICS code and description1 NAPCS collection code and 

description1Name and description % Description % Code and description τ, in %

Radiation detection devices: 
Gamma-ray radiation 
detection devices

1.4 NA NA 33451A—Watch, clock, 
and other measuring and 
controlling device manu-
facturing

0.734 334519—Other measuring and 
controlling device manufac-
turing

2017550000—Manufacturing 
of nuclear radiation detec-
tion and monitoring instru-
ments

Medical devices: 
Scintillation crystals in 
positron emission tomog-
raphy scanners

1.0 NA NA 334510—Electromedical and 
electrotherapeutic appara-
tus manufacturing

0.405 334510—Electromedical and 
electrotherapeutic apparatus 
manufacturing

2018000000—Manufacturing 
of electromedical equip-
ment, excluding ionizing 
radiation equipment

1NAICS/NAPC code data from 2021 Annual Survey of Manufacturers (U.S. Census Bureau, 2022).
2NAPCS code data from 2017 Economic Census (U.S. Census Bureau, 2017a) multiplied by a 50% market share for germanium lenses.
3Market research reports (Szwedo, 2002; Maximize Market Research Pvt. Ltd., 2023; Global Industry Analysts Inc., 2024).
4Market research reports (Grand View Research, 2014; 360 Research Reports, 2022).
5Market research reports (Future Markets Insights, 2016; Grand View Research, 2022).
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Data for defense and nondefense sales of imaging 
and sensors, by product, were estimated for 2001–05 by 
the Office of Strategic Industries and Economic Security at 
the U.S. Department of Commerce Bureau of Industry and 
Security (fig. 1.33; DeMarines and Botwin, 2006). For 2005, 
total U.S. defense (about 70 percent) and nondefense (about 
30 percent) sales were less than $3.9 billion across all imaging 
and sensor products, with cooled infrared (thermal) imag-
ing system devices and components representing the largest 
category at less than $1.2 billion in 2005. Night vision goggles 
were estimated to be $270 million in 2005. This is the only 
category of imaging and sensor device that has a directly iden-
tifiable NAPCS collection code (2018.57.5012: Manufacturing 
of night vision goggles and equipment) for which sales in 
2017 in the United States were reportedly $210 million 
(U.S. Census Bureau, 2017a)—a sales value that is similar to 
the levels of 2005. The remaining applications likely fall under 
the manufacturing of light reconnaissance and surveillance 
electronic systems and equipment (NAPCS collection code 
2017.50.0003) and search, detection, navigation, guidance, 
aeronautical, and nautical system and instrument manufactur-
ing (NAICS code 334511). In 2017, this NAPCS code, which 
includes bomber-defense equipment, fire control equipment, 
infrared fuses, space satellite, and other infrared detection and 
warning systems, sniper scopes, snooperscopes, night-driving 
equipment, mapping equipment, photographic equipment, and 
wake detection generated $7.1 billion in sales.

Globally, there was a significant increase in demand in 
2020 for thermal imaging and sensing (cameras and detec-
tors) from $5 billion in 2019 to $7.6 billion due to the need for 
fever detection during the COVID–19 pandemic. However, in 
2021, demand decreased to $6.7 billion and returned to tradi-
tional infrared applications (Clouet, 2023). Demand decreased 
further in 2022 to about $6.3 billion due to a chip shortage 
caused from supply chain shortages (Clouet, 2023). Another 
market research report suggests that the North American 
imaging market was valued at about $3 billion out of the 
$6.4 billion global market in 2022, or roughly 47 percent 
(MarketsandMarkets Research Pvt. Ltd., 2023b). Again, this 
value for 2022 is similar in magnitude to that value reported 
in 2005 in the report by the Office of Strategic Industries and 
Economic Security (DeMarines and Botwin, 2006). It is also 
similar to sales revenues for 2009, which were estimated to be 
$6.6 billion globally for military (88 percent) and commercial 
(12 percent) applications (Guberman, 2013).

As noted earlier, germanium competes with other materi-
als in this application. Germanium crystals were estimated 
to have been used in approximately 60 percent of lower and 
midrange infrared-optical systems, and about half of all high-
end devices used lenses used germanium crystals (Guberman, 
2011). Other market data suggest that infrared cameras using 
germanium lenses comprise roughly 40 percent of the mar-
ket, with silicon, zinc selenide, and sapphire comprising the 
remaining 60 percent (Grand View Research, 2015).

Taking all this information into account, the use of 
germanium in infrared optics was split between BEA 
industry groups optical instrument and lens manufacturing 
(333314) and search, detection, and navigation instruments 
manufacturing (334511). Within BEA code 333314, manu-
facturing of night vision goggles and equipment (NAPCS 
code 2018.57.5012) was assumed to be the only applicable 
code. Its sales were $210 million or 4.8 percent of the 333314 
industry (U.S. Census Bureau, 2017b). Germanium lenses 
were assumed to represent 50 percent of the market for night 
vision goggles. This percentage varied in the sensitivity analy-
sis to 40 percent and 60 percent in the low- and high-impact 
cases, respectively.

Within BEA code 334511, manufacturing of light recon-
naissance and surveillance electronic systems and equipment 
(NAPCS 2017.50.0003) was assumed to be the only appli-
cable code. It generated $7.1 billion in sales in 2017 or 13.8 
percent of the industry’s output that year. Of this NAPCS 
code, 50 percent (±10 percent in the sensitivity analysis) was 
assumed to use germanium lenses per market data, (Grand 
View Research, 2015; Guberman, 2011) equaling about $2.86 
billion in sales. These sales combined with the $210 million 
in sales of night vision goggles yield a total of $3.1 billion, 
which matches the market data reported previously. The use of 
the germanium material (9.8 t) was split between BEA codes 
333314 and 334511 based on these sales values, as well, with 
93 percent (9 t) for 334511 and 7 percent (0.8 t) for 333314.

Germanium in Semiconductor (Electronic and 
Solar PV) Applications

Germanium is used as a single element substrate and 
as a IV–IV (SiGe) compound semiconductor and epitaxial 
layer in high-efficiency solar PV predominately for space 
applications (for example, satellites) but also in concentrated 
solar PV for terrestrial applications, as well as in transistors 
(for example, SiGe heterojunction bipolar and silicon-on-
insulator) and high-brightness LEDs. All these applications 
fall under the semiconductor and related device manufacturing 
(334413) industry.

Of the global compound semiconductor device market, 
an estimated 7 percent ($2.6 billion) was reportedly based on 
SiGe substrates (Maximize Market Research Pvt. Ltd., 2023). 
Market research estimates suggest that North America was 
the largest producing and consuming region for SiGe materi-
als and devices, with a market share of about 35 percent for 
2001–06 (Szwedo, 2002). Assuming this percentage holds, the 
total value of SiGe-based devices in North America would be 
roughly $0.9 billion, or 1.5 percent of the 334413 industry’s 
output. Another market research report estimated the global 
SiGe semiconductor material and device market to be $8.3 
billion, with the U.S. market valued at $2.3 billion (Global 
Industry Analysts Inc., 2024). An estimated 47 to 60 per-
cent of the material and device market is estimated to be the 
devices (Szwedo, 2002), suggesting that the U.S. SiGe device 
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market accounts for about $1.1 billion to 1.4 billion (or 1.9 to 
2.4 percent of the 334413 industry). The average value was 
selected for the baseline case, and the lower and upper values 
were used in the low-impact and high-impact cases of the 
sensitivity analysis.

Despite several advantages, triple junction III–V (GaAs) 
high-efficiency solar PV cells are only used in niche applica-
tions (namely, high concentration PV, space solar cells, and 
emerging defense and transportation solar PV applications) 
due to their higher cost compared with crystalline-silicon or 
cadmium-tellurium solar PV (Horowitz and others, 2018; 
Yole Développement, 2018). It was estimated that these 
high-efficiency solar cells made up less than 1 percent of 
the solar PV market, 90 percent of which used germanium 
substrates, and the other 10 percent used GaAs substrate (Yole 
Développement, 2018). Solar PV accounts for roughly 1 per-
cent of revenues of the 334413 industry (fig. 1.28), but most of 
that revenue is from crystalline silicon and cadmium-telluride 
thin film solar cells, with the high-efficiency solar cells repre-
senting a very small fraction.

Currently, germanium substrate is believed to have been 
produced in the United States by one company at its facility 
in St. George, Utah. It was estimated that roughly 5 percent of 
U.S. germanium metal imports were likely used for germa-
nium substrate growth. That would place the quantity at 0.8 t 
of germanium. A recent life cycle assessment estimates that it 
takes about 15.52 g of primary germanium to make a 6-inch 
germanium wafer (with a net of 14.2 g comprising the wafer 
and the rest being recycled or lost; Umicore, 2022). Thus, an 
estimated 52,000 6-inch equivalent germanium wafers were 
produced in the United States. Six-inch germanium wafers 
generally cost around $100 and represent 12.5 to 20 percent 
of the value of the solar cells (Wilson and others, 2020). 
At 52,000 6-inch wafer equivalent, the solar cells manufac-
tured in the United States would thus be valued at $26 million 
to $42 million. This would equate to 0.04 to 0.07 percent 
of the 334413 industry’s output, which would be within the 
rounding error of this report’s assessment of the fraction of 
other germanium-based semiconductor devices.

Yole Développement (2018) suggests that 18,400 6-inch-
equivalent GaAs substrate wafers were used in space solar 
applications (out of a total of 21,700 6-inch wafer equiva-
lents for solar PV applications in general) and that there were 
roughly nine times more germanium substrate wafers than 
GaAs wafers for solar PV applications. This suggests that 
there were 166,000 germanium substrate 6-inch equivalent 
wafers used for space solar PV (195,000 6-inch-equivalent 
germanium wafers for solar PV applications), globally. With 
an estimated content of 14.2 g of germanium per wafer, it was 
estimated that 2.3 t of germanium was sent to space in 2022. 
This matches an estimate of 2 kg noted by Ohlmann and oth-
ers (2023). It also suggests that the United States produced 
roughly 27 percent of the world’s germanium substrates.

GeH4, along with silane (SiH4), is the precursor gas used 
to form and deposit the epitaxial layer and amorphous SiGe 
on wafers. It can be used in solar cells, as well as implantation 

and doping for semiconductors and photonic applications. As 
noted previously, approximately 0.66 t of GeH4 was estimated 
to have been imported into the United States in 2022. GeH4 
may have also been produced domestically from imported 
GeO2 and, to a lesser degree, GeCl4. A leading producer 
of germane, Voltaix (which was acquired by Air Liquide 
in 2016), had a stated production capacity to produce 20 t 
of GeH4 per year at its Branchburg, New Jersey, operation 
(Voltaix, 2010). There was at least one other company with 
the capability to produce, but the actual amount produced 
in 2022 was not known. However, it was estimated that 
the U.S. demand for germane was $56.84 million in 2021, 
representing a 39.35 percent share of the world market (QY 
Research, 2022). An assumed unit price of $2,200 per kilo-
gram GeH4 yields an estimated quantity of 25.8 t of GeH4 
(24.5 t of germanium content) demand in the United States. 
Only 15 percent of the GeH4 is deposited in the manufactur-
ing process (Lee, 2010). Assuming that the material that was 
not deposited was recycled with high efficiency (about 95 
percent), approximately 4.7 t of germanium from primary 
sources was estimated to have been used in the United States. 
Therefore, the total amount of primary germanium used 
in semiconductor and solar applications was estimated to 
be 5.6 t.

Germanium in Polymerization Catalysts for 
Polyethylene Terephthalate

Germanium is used as a polymerization catalyst to 
produce polyethylene terephthalate (PET). In 2022, North 
American PET production capacity represented 13.5 percent 
of the world’s production capacity (4.7 out of 34.8 million 
metric tons; Lamb, 2022). However, unlike manufacturers in 
Japan (Japan Organization for Metals and Energy Security, 
2023), manufacturers in the United States did not use germa-
nium as a catalyst for PET, opting to use the market dominant 
and less expensive antimony- (or perhaps titanium-) based 
catalysts instead (Guberman, 2016).

Germanium in Radiation Detectors
High-purity germanium crystals are used in solid-state 

radiation detection equipment for use in particle accelera-
tors, identification of radioactive waste, nuclear power plants, 
the detection of illicit or clandestine nuclear material traf-
ficking, medical diagnosis, weather, and space applications. 
This equipment is manufactured by the other measuring and 
controlling device manufacturing (NAICS industry 334519) 
under the manufacturing of nuclear radiation detection and 
monitoring instruments (NAPCS collection code 2017550000) 
industries. This NAICS industry falls under the watch, clock, 
and other measuring and controlling device manufacturing 
(BEA code 33451A) industry. In 2021, the values of sales of 
these BEA, NAICS, and NAPCS codes were $13.8 billion, 
$11.3 billion, and $1.1 billion, respectively.
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The radiation detection, monitoring, and safety mar-
ket is comprised of three types of detectors: gas-filled, 
solid-state, and scintillators (Grand View Research, 2014). 
Gas-filled detectors and scintillators do not use germanium. 
Solid-state detectors, which typically use either germanium 
or silicon (Mirion Technologies Inc., 2023), represent about 
14 percent of the market (Grand View Research, 2014). 
A market research report suggests that the global semiconduc-
tor radiation detector market was valued at $360.5 million in 
2022 (360 Research Reports, 2022). The United States and 
North America market share was estimated to be 43 percent 
(Grand View Research, 2014; 360 Research Reports, 2022). 
Germanium-based detectors reportedly represent 65 percent 
of the market (360 Research Reports, 2022). Based on these 
figures, germanium-based detector sales were estimated to 
be approximately $100 million or about 0.7 percent of the 
33451A BEA industry group. This market share percentage 
was varied in the sensitivity analysis from 33 to 100 percent.

A startup U.S. company reported $5.5 million in sales in 
2021 based on 55 germanium-based detector units at $100,000 
per device (McCarthy, 2022). Assuming each of their devices 
has a 60 cubic centimeter (cm3) germanium segmented detec-
tor (PHDS Co., 2023), that would be the equivalent to 320 g 
of germanium per device. Taking the total sales for the United 
States (which is predominately from two companies: Mirion 
and Ametc Ortec) and a production efficiency of 80 percent, a 
total of 0.4 t of germanium was estimated to be used in radia-
tion detection in 2021–22.

Germanium in Positron Emission Tomography
Bismuth germanium oxide (BGO, Bi4Ge3O12) is one of 

several types of detectors used in positron emission tomogra-
phy scanners. The U.S. market for positron emission tomog-
raphy scanners was estimated to be $489.8 million in 2021, 
roughly one-quarter of $1.94 billion global market (Grand 
View Research, 2022). BGO, one of several types of detec-
tors, reportedly represented 29.5 percent of the global posi-
tron emission tomography market in 2015 (Future Markets 
Insights, 2016). Assuming this market share holds for the 
United States, the total market value of BGO in the United 
States would amount to approximately $145 million. This 
value represents 0.4 percent of the electromedical and electro-
therapeutic apparatus manufacturing (NAICS code 334510) 
industry, which positron emission tomography scanner manu-
facturing falls under. The market share percentage varied from 
10 to 50 percent in the sensitivity analysis.

The global market value of BGO crystals themselves 
was estimated to be $39 million in 2022 (Business Research 
Insights, 2024). Assuming the U.S. market share of 24 percent 

for PET scanners holds also for BGO crystals, a value of 
$9.4 million was obtained. Although BGO crystal prices can 
vary notably, an individual crystal is assumed to cost roughly 
$40 per cubic centimeter (Epic-Crystal, 2024). Based on this 
value [equating to a density of 7.13 g/cm3 (Luxium Solutions, 
2022) or a germanium content of 17.49 percent (based on 
standard stoichiometry)], for each U.S. dollar, BGO crystal 
was estimated to contain 0.03 g of germanium. At $9.4 mil-
lion of BGO crystals, the amount of germanium used in the 
United States would be roughly equivalent to 0.3 t of germa-
nium. Although BGO crystals have other uses (for example, 
high energy physics), nuclear medicine is the dominant use 
(Business Research Insights, 2024), and in this analysis, 
assumed to be the only use.

Germanium in Other Applications
Germanium has also been used in several other applica-

tions. In metallurgy, germanium has been used as a hardener 
for aluminum, magnesium, and tin alloys (Butterman and 
Jorgenson, 2005). Germanium has also been added to the 
silver alloy argentium (1.2 percent germanium) for fire and 
tarnish resistance, with gold (12 percent germanium, 88 per-
cent gold) for soldering gold jewelry, and with gold and other 
precious metals in dental alloys (Butterman and Jorgenson, 
2005). Another minor use of germanium is in low-temperature 
(0.5 to 100 Kelvin) thermometers and thermoelectric devices 
(Butterman and Jorgenson, 2005). Germanium may have also 
been used as a phosphor (Mg6Ge3O12) in certain fluorescent 
lamps to convert ultraviolet light into visible light and in 
superconducting alloys (Nb3Ge; Butterman and Jorgenson, 
2005; Melcher and Buchholz, 2014; U.S. Geological Survey, 
2024). However, the use of germanium in superconducting 
applications was very small (less than 100 kilograms per 
year) and there was no use of germanium in fluorescent lamp 
phosphors in the United States in the early 1990s (Fink and 
Culver-Hopper, 1991). Similarly, although clinical trials have 
been performed using organic germanium compounds for the 
treatment or prevention of serious diseases (for example, can-
cer), germanium was not being used in any market-approved 
medicines as of 2018 (Dobrzyński and others, 2018). Based on 
this, the use of germanium in other applications in the United 
States was assumed to be negligible.

Germanium Sensitivity Analysis

Given the large uncertainties, a sensitivity analysis was 
performed (table 1.26) where each of the key parameters in the 
assessment was varied from the baseline case to provide low- 
and high-impact scenarios.
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Table 1.26. Parameters used for germanium sensitivity analysis.

Parameter
Low-

impact 
case

Baseline 
case

High- 
impact 
case

Notes

China’s net exports, in metric tons (t) 
of germanium

26.2 35 42.5 Low-impact case was based on reported export data only (that 
is, assumes there were no missing or unreported export 
data). Baseline case was based on reported production, 
consumption, and additions to inventories. High-impact 
case production was 187.5 metric tons (Asian Metals Ltd., 
2023b), rather than 180 based on an alternative report.

Inventories in the rest of the world, in 
t of germanium

23.0 20.3 14.0 Low-impact case assumed that, in addition to the reported 
or stated inventories held by Japan and the United States, 
all other countries also held 60-days of gallium consump-
tion. Note that the consumption level for these countries 
varied based on the assumed China’s net exports and the 
consumption of the United States and Japan. In the baseline 
case, only stated or reported inventories for the United 
States and Japan were included. High-impact case assumed 
only the reported U.S. inventories were available.

Excess capacity (κ) in the rest of the 
world, in t of germanium

60 50 20 High-impact case assumed none of the Finish production 
capacity is available and that Russia’s production capac-
ity is only 10 metric tons. Baseline case assumed all of the 
estimated production capacity was available. Low-impact 
case assumed an additional 10 metric tons of excess capac-
ity in Belgium beyond those of the baseline case.

U.S. apparent consumption, in t of 
germanium

27.2 29.5 30.8 Estimates were based on reported net imports at the $200, 
$300, and $400 per kilogram of germanium cutoff values 
for the high-, baseline, and low-impact case, respectively. 
An additional 660 kilograms of germanium contained in 
GeH4 is assumed to be included in all three cases.

Unit value of U.S. apparent 
consumption, in dollars per 
kilogram of germanium

1,317.8 1,296.7 1,283.1 Unit values were estimated based on weighted average 
net import unit values at the $200, $300, and $400 per 
kilogram germanium cutoff values for the high-, baseline, 
and low-impact case, respectively. Note that the lower unit 
value cut-off threshold decreases the weighted average unit 
value but increases the apparent consumption and the over-
all monetary value of the consumption and vice versa.

Percent of communication and energy 
wire and cable manufacturing 
(335920) industry group’s output 
that uses germanium

22.19 22.94 23.73 The baseline case was based on reported data from the 
U.S. Census Bureau. The high- and low-impact cases were 
based on one standard error above and below the nominal 
value, respectively.

Percent of glass and glass product 
manufacturing (327200) industry’s 
output that uses germanium

0.20 0.20 0.20

Percent of other electronic component 
manufacturing (33441A) industry’s 
output that uses germanium

0.05 0.05 0.05

Percent of all of miscellaneous 
manufacturing (339990) industry’s 
output that uses germanium

0.04 0.44 1.56
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Estimating New Equilibrium Quantities and 
Prices of Germanium, by Scenario

Based on the estimated price elasticities, production, 
product capacities, trade, and inventories, the new equilibrium 
quantities and prices (tables 1.27–1.29) were estimated for 
different levels of disruptions to China’s net exports of germa-
nium (in all forms) to the rest of the world. In these scenarios, 
imports and exports for all forms of germanium were assumed 
to decrease proportionally (figs. 1.34–1.36).

Table 1.26. Parameters used for germanium sensitivity analysis.—Continued

Parameter
Low-

impact 
case

Baseline 
case

High- 
impact  
case

Notes

Percent of the optical instrument and 
lens manufacturing (333314) indus-
try’s out that uses germanium

1.9 2.4 2.9 In addition to adjusting for one standard error in the 
U.S. Census Bureau (2022) data, the market share for 
germanium lenses was set at 40%, 50%, 60% for the low-, 
baseline, and high-impact cases, respectively.Percent of search, detection, and navi-

gation instruments manufacturing 
(334511) industry’s output that uses 
germanium

5.0 6.9 9.1

Percent of semiconductor and related 
device manufacturing (334413) 
industry’s output that uses germa-
nium

1.8 2.1 2.4 Values were estimated based on a range of values reported in 
market reports.

Percent of the watch, clock, and other 
measuring and controlling device 
manufacturing (33451A) industry 
group’s output that uses germanium

0.37 0.73 1.12 Low-, baseline, and high-impact cases were based on a 
33 percent, 65 percent, and 100 percent market share of 
germanium-based solid-state detectors in the United States.

Percent of the electromedical and 
electrotherapeutic apparatus 
manufacturing (334510) industry’s 
output that uses germanium

0.14 0.40 0.68 Low-, baseline, and high-impact cases assumed that bismuth 
germanium oxide held 10 percent, 29.5 percent, and 50 per-
cent of the positron emission tomography scanner market in 
the United States, respectively.



Appendix 1  59

Table 1.27. Estimated germanium quantities and prices based on different levels of restriction of China’s net exports of germanium for 
the base case.

Category
Percent decrease in China’s net exports (scenario)

0 10 20 30 40 50 60 70 80 90 100

China’s net exports to the rest of the world, 
in metric tons (t) of contained germanium

35.0 31.5 28.0 24.5 21.0 17.5 14.0 10.5 7.0 3.5 —

Decrease in China’s net exports to the rest 
of the world, in t of contained germanium

— 3.5 7.0 10.5 14.0 17.5 21.0 24.5 28.0 31.5 35.0

Releases of the rest of the world invento-
ries, in t of contained germanium

— 3.5 7.0 10.5 14.0 17.5 20.3 20.3 20.3 20.3 20.3

Change in quantity available to the rest 
of the world (ΔQS) , in t of contained 
germanium

— — — — — — 0.7 4.2 7.7 11.2 14.7

Relative percent change in quantity avail-
able to the rest of the world (nS)

— — — — — — 1 6 12 17 23

New-to-initial-price ratio for the rest of the 
world (P′/P)

1 1 1 1 1 1 1.01 1.07 1.13 1.19 1.26

New equilibrium quantity for the rest of the 
world [Q′(P′)], in t of contained germa-
nium

65.0 65.0 65.0 65.0 65.0 65.0 64.8 63.9 63.1 62.2 61.4

Change in equilibrium quantity for the rest 
of the world (ΔQ′), in t of contained 
germanium

— — — — — — −0.2 −1.1 −1.9 −2.8 −3.6

Relative percent change in equilibrium 
quantity for the rest of the world (n′)

— — — — — — 0.3 1.6 3.0 4.2 5.5

Primary production in the rest of the world, 
in t of contained germanium

30.0 30.0 30.0 30.0 30.0 30.0 30.5 33.1 35.8 38.4 41.1

Increase in the rest of the world's primary 
production (κu) , in t of contained germa-
nium

— — — — — — 0.51 3.12 5.76 8.43 11.1

Percent of the rest of the world's primary 
production capacity utilized

38 38 38 38 38 38 38 41 45 48 51
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Figure 1.34. Graph showing germanium demand and supply 
curves for the rest of the world at different levels of restriction of 
China’s net exports of germanium for the baseline case.
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Table 1.28. Estimated germanium quantities and prices based on different levels of restriction of China’s net exports of germanium for 
the low-impact case.

Category
Percent decrease in China’s net exports (scenario)

0 10 20 30 40 50 60 70 80 90 100

China’s net exports to the rest of the world, 
in metric tons (t) of contained germa-
nium

26.2 23.6 21.0 18.3 15.7 13.1 10.5 7.9 5.2 2.6 —

Decrease in China’s net exports to the rest 
of the world, in t of contained germa-
nium

— 2.6 5.2 7.9 10.5 13.1 15.7 18.3 21.0 23.6 26.2

Releases of the rest of the world invento-
ries, in t of contained germanium

— 2.6 5.2 7.9 10.5 13.1 15.7 18.3 21.0 23.0 23.0

Change in quantity available to the rest 
of the world (ΔQS), in t of contained 
germanium

— — — — — — — — — 0.6 3.2

Relative percent change in quantity avail-
able to the rest of the world (nS)

— — — — — — — — — 1.0 5.7

New-to-initial-price ratio for the rest of the 
world (P′/P)

1 1 1 1 1 1 1 1 1 1.01 1.06

New equilibrium quantity for the rest of 
the world [Q′(P′)], in t of contained 
germanium

56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.2 56.0 55.4

Change in equilibrium quantity for the rest 
of the world (ΔQ′), in t of contained 
germanium

— — — — — — — — — −0.2 −0.8

Relative percent change in equilibrium 
quantity for the rest of the world (n′)

— — — — — — — — — 0.3 1.5

Primary production in the rest of the world, 
in t of contained germanium

30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.4 32.4

Increase in the rest of the world's primary 
production (κu), in t of contained germa-
nium

— — — — — — — — — 0.4 2.4

Percent of the rest of the world's primary 
production capacity utilized

33 33 33 33 33 33 33 33 33 34 36

Figure 1.35. Graph showing germanium demand and supply 
curves for the rest of the world at different levels of restriction 
of China’s net exports of germanium for the low-impact case.
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Table 1.29. Estimated germanium quantities and prices based on different levels of restriction of China’s net exports of germanium for 
the high-impact case.

Category
Percent decrease in China’s net exports (scenario)

0 10 20 30 40 50 60 70 80 90 100

China’s net exports to the rest of the 
world, in metric tons (t) of contained 
germanium

42.5 38.3 34.0 29.8 25.5 21.3 17.0 12.8 8.5 4.3 —

Decrease in China’s net exports to the 
rest of the world, in t of contained 
germanium

— 4.3 8.5 12.8 17.0 21.3 25.5 29.8 34.0 38.3 42.5

Releases of the rest of the world 
inventories, in t of contained 
germanium

— 4.3 8.5 12.8 14.0 14.0 14.0 14.0 14.0 14.0 14.0

Change in quantity available to the rest 
of the world (ΔQS), in t of contained 
germanium

— — — — 3.0 7.3 11.5 15.8 20.0 24.3 28.5

Relative percent change in quantity 
available to the rest of the world (nS)

— — — — 4.1 10.0 15.9 21.7 27.6 33.4 39.3

New-to-initial-price ratio for the rest of 
the world (P′/P)

1 1 1 1 1.04 1.11 1.18 1.25 1.32 1.39 1.66

New equilibrium quantity for the rest of 
the world [Q′(P′)], in t of contained 
germanium

72.5 72.5 72.5 72.5 71.7 70.7 69.7 68.7 67.7 66.9 64.0

Change in equilibrium quantity for 
the rest of the world (ΔQ′), in t of 
contained germanium

0.0 0.0 0.0 0.0 −0.8 −1.8 −2.8 −3.8 −4.8 −5.6 −8.5

Relative percent change in equilibrium 
quantity for the rest of the world (n′)

— — — — 1.1 2.5 3.9 5.3 6.6 7.8 11.7

Primary production in the rest of the 
world, in t of contained germanium

30.0 30.0 30.0 30.0 32.2 35.4 38.7 41.9 45.2 48.6 50.0

Increase in the rest of the world's primary 
production (κu), in t of contained 
germanium

— — — — 2.2 5.4 8.7 11.9 15.2 18.6 20.0

Percent of the rest of the world's primary 
production capacity utilized

60 60 60 60 64 71 77 84 90 97 100

China's net exports restricted, in percent

Ge
rm

an
iu

m
 p

ric
e 

(in
iti

al
 p

ric
e 

= 
1)

Germanium quantity (initial quantity = 1)

Demand

Initial supply

406080100

0

0

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 1.36. Graph showing germanium demand and supply 
curves for the rest of the world at different levels of restriction of 
China’s net exports of germanium for the high-impact case.
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