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Foreword

International security is increasingly shaped by systems that were once treated as separate domains:
nuclear deterrence, energy, technology, space, industrial capacity, and critical infrastructure. The
contributions in this issue of the Illinois Journal of International Security reflect that changing land-
scape and the need to understand security not only through military power, but also through the
technologies, resources, and institutions on which modern states depend.

Several of the articles focus on areas where technological capability and geopolitical competition
now intersect most directly. The future of the United States–China nuclear relationship raises funda-
mental questions about deterrence, strategic stability, and the management of competition between
two major powers. At the same time, the growing importance of technology to the U.S.–China
relationship, particularly in the context of Taiwan, demonstrates how economic interdependence,
industrial policy, and technological leadership have themselves become matters of national security.

Other contributions turn to the infrastructures that sustain national power over the longer term.
Nuclear energy is examined both as an instrument of foreign policy and as a component of energy
security, while the nuclear fuel supply chain is considered as a strategic system whose resilience has
implications far beyond electricity generation. These questions are especially timely as governments
reassess the security of energy supply, the concentration of critical industries, and the vulnerabilities
created by dependence on foreign sources of fuel, materials, and technology.

Space presents another rapidly evolving dimension of the security environment. Once considered
largely the domain of exploration and scientific cooperation, it has become indispensable to com-
munications, navigation, intelligence, commerce, and military operations. As dependence on space-
based infrastructure grows, so too does the importance of developing policies and institutions capable
of managing competition and reducing the risk of conflict in that domain.

The issue also looks beyond immediate geopolitical pressures to a challenge measured on a very
different timescale: the permanent disposal of nuclear waste. The study of material durability in
the Beishan repository context is a reminder that security also involves stewardship. Some tech-
nological choices create responsibilities that extend far beyond a political cycle—or even a human
lifetime—and require institutions capable of thinking in decades and centuries.
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What connects these contributions is their attention to the material foundations of security. Nuclear
arsenals, energy systems, semiconductor economies, satellites, fuel supplies, and waste repositories
are all physical manifestations of political choices. Understanding their technical characteristics is
essential to understanding the strategic options they create, the vulnerabilities they introduce, and
the policies required to govern them responsibly.

The articles collected here offer different perspectives on these questions, but together they point
toward a broader conclusion: the boundaries of international security continue to expand. Preparing
for the challenges ahead will require scholars and policymakers who are comfortable working across
those boundaries and who can connect technical knowledge with political, economic, and strategic
judgment. It is in that spirit that we present this issue.

Angela Di Fulvio
Director, Program in Arms Control and Domestic and International Security
University of Illinois Urbana-Champaign
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Radioactive Waste: Risks, Management
Methods, and Where to Next

Barbara Allen*

Department of Nuclear, Plasma & Radiological Engineering, University of Illinois Urbana-Champaign,
61801, IL, Urbana, United States

*Corresponding Author: Barbara Allen; ba27@illinois.edu

Radioactive waste is a byproduct of a variety of industries including power generation, manufac-
turing, and medical uses. Low-level and high-level radioactive wastes must be stored and disposed
of in a safe manner to protect the local environment, local communities, and personnel handling
the waste while maintaining structural integrity for upwards of millions of years. The objective
of this paper is to review the current low-level radioactive waste treatment and disposal methods
and provide recommendations as needed to prevent future capacity concerns. For high-level ra-
dioactive waste, the objective of this paper is to review proposed disposal strategies and provide
recommendations to streamline United States adoption of a permanent waste solution. A literature
review was conducted to compile key information about different disposal methods for both low-
level and high-level wastes. Current low-level waste disposal methods were deemed adequate for
permanent disposal of the radioactive waste and protecting the surrounding area from inadvertent
releases of radioactive materials. The United States does not currently have a permanent disposal
method in place for high-level radioactive waste. A previous attempt was made with the Yucca
Mountain Waste Repository but failed. It is recommended that the United States require states
within a nuclear waste compact to provide a list of potential low-level radioactive waste sites in case
current ones begin to face capacity concerns. Additionally, the Nuclear Waste Policy Act must be
extensively amended prior to implementation of any form of long-term high-level radioactive waste
storage and disposal solution.

Keywords: Radioactive waste, low-level waste, high-level waste, waste management, disposal meth-
ods, Nuclear Waste Policy Act
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1. Introduction

Nuclear science has enabled numerous advancements in modern society from carbon-free energy pro-
duction to breakthrough discoveries in the health and sciences sector. Nuclear energy is regarded
as one of the most efficient and most reliable sources of power generation (Darda et al., 2021). De-
spite the accolades, the widespread deployment and embracement of nuclear technologies within the
United States is hindered by the current lack of a standardized long-term radioactive waste disposal
system. With license extensions for existing reactors and the construction of new reactors, such as
Vogtle Units 3 & 4, the inventory of spent nuclear fuel (SNF) will continue to grow, despite the lack
of a strategy to dispose of the waste that would be generated. At its core, a robust radioactive waste
management plan must minimize harmful radiation to the surrounding flora and fauna as much as
possible for as long as possible. The objective of this paper is to review the technologies available for
the disposal and storage of radioactive waste within the United States, provide recommendations
for adoption of a long-term radioactive waste plan, and highlight gaps in current waste strategies
that must be addressed prior to implementation.

2. Background

The most widely adopted method for classifying radioactive waste depends on both the activity
level of the material and the length of the half-life. Figure 1 provides conceptual understanding of
the relative scales for the six different classifications of radioactive waste and recommended dis-
posal methods: exempt waste (EW), very short-lived waste (VSLW), very low-level waste (VLLW),
low level waste (LLW), intermediate level waste (ILW), and high-level waste (HLW) (International
Atomic Energy Agency, 2009; Sefanovsky et al., 2004).

Exempt waste contains a small enough concentration of radionuclides that disposal does not prompt
additional radiation protections or regulations. This property allows for waste to cross borders easily
for further recycling or storage. Very short-lived waste contains radionuclides with very short half-
lives (≤ 100 days), such as 192Ir or 99mTc from industrial and medical applications. This VSLW
must be stored temporarily until the activity levels decrease to levels less than those required to
manage waste as conventional or exempt waste. Very low-level waste is most commonly a result of
the operation and decommissioning of nuclear facilities and does require additional provisions for
radiation protection and safety. Low-level waste is a broad category and relies on explicit classifica-
tion of the radionuclides present within the waste to determine appropriate shielding and handling
techniques. Intermediate-level waste contains a large enough concentration of long-lived radionu-
clides such that it cannot be disposed of in the same fashion as VLLW and LLW. Finally, high-level
waste contains such a large concentration of both long- and short-lived radionuclides that the high-
est degree of containment and isolation from the accessible environment is required for long term
safety (International Atomic Energy Agency, 2009).

It is important to note that the classifications established by the International Atomic Energy
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Figure 1: Conceptual illustration of the international waste classification scheme.

Agency (IAEA) were meant to provide a generalized framework to nuclear nations instead of strict
regulations. Nuclear nations were expected to further develop this framework to fit their needs.
Each class is not rigorously defined on a numeric scale to allow for specialized safety assessments
for individual disposal sites. Within the United States, radioactive waste is classified into two major
types: low-level waste and high-level waste. Low-level Radioactive Waste (LLRW) is further divided
into four classes: Class A, Class B, Class C, and Greater Than Class C (GTCC). The United States
Code of Federal Regulations (CFR) Title 10 Section 61.55 provides robust technical definitions for
each classification. Table 1 summarizes these stipulations (Roy, 2021; 10 Code of Federal Regula-
tions 61 §55).

Historical volumes and activities of Class A, B, and C waste are found in Figures 2(a) – (c) (United
States Department of Energy, 2024).

It is important to note that activity data were not collected until 1996. Within the United States,
high-level radioactive waste (HLW) is defined as “1.) irradiated nuclear reactor fuel, 2.) liquid wastes
resulting from the operation of the first cycle solvent extraction system, or equivalent, and the con-
centrated wastes from subsequent extraction cycles, or equivalent, in a facility for reprocessing
irradiated reactor fuel, and 3.) solids into which such liquid wastes have been converted” (10 Code
of Federal Regulations 60 §2). The total amount of HLW from spent nuclear fuel alone is estimated
at over 90,000 metric tons of initial uranium (MTiHM) or approximately 315,000 individual reac-
tor fuel assemblies. With current construction projects and anticipated nuclear power plant license
extensions, this number is anticipated to reach over 138,000 MTiHM or approximately 476,000 fuel
assemblies by 2075 (Banerjee, Rigato, & Wilson, 2024). As of 2019, there were over 4,400 canisters of
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a)Class A waste

b)Class B waste

c)Class C waste

Figure 2: Historical volume in cubic feet and activity in Curies of Class A waste, Class B waste,
and Class C waste within the United States.
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Table 1: Summary of the LLRW classifications.

Class Characteristics

Class A
• Smallest level
• Specific activity: Near background – 700 Ci/m3

• Not a threat to an intruder beyond 100 years
• No specific waste stability requirements for disposal

Class B
• Specific activity: 0.04 – 700 Ci/m3

• Not a threat to an intruder beyond 100 years
• Waste containers must be stable for 300 years
• Must be segregated from Class A wastes

Class C
• Specific activity: 44 – 7,000 Ci/m3

• Not a threat to an intruder beyond 500 years
• Waste containers must be stable for 300 years
• Engineered barrier required
• Must be segregated from Class A wastes

GTCC
• Poses a threat to an intruder beyond 500 years
• Cannot be disposed of in same method as Class A, B, C wastes

reprocessed radioactive waste from commercial and non-commercial nuclear sources (Carter, 2020).

3. Results and Discussion

3.1. Risks of Radioactive Waste

Radioactive waste can pose a severe risk to the health of the environment and the health of person-
nel handling the waste. Significant doses of ionizing radiation generated by HLW damages genetic
material in cells such as DNA and RNA. This damage can cause harmful cancers for humans and
animals, leading to a significant decline in quality of life (Roy, 2021). Exposure to the environment
can occur during the processing, packaging, and transportation of radioactive waste. Although the
number of accidents during transportation of radioactive waste are small, radionuclides can still
leach into soil or groundwater from damaged packaging (Laraia, 2015). It is beyond the scope of
this manuscript to present a comprehensive review on transportation methods of radioactive mate-
rial. Once within soil or groundwater, hazardous radionuclides with long half-lives can quickly reach
communities, impacting food and water supplies. How quickly radionuclides move through soil is
influenced by factors such as soil texture, pH, organic matter content, and moisture content. The
ionic form of the radionuclides will also impact their transport, with some reacting with other ions
within the soil to form stable compounds. Radionuclide contamination of soil can create a toxic
environment for soil organisms, leading to impacts on soil fertility and food security for local com-
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munities. Additionally, water security becomes threatened if radionuclides contaminate surrounding
groundwater (Korede, Akinyemi, & Oshilalu, 2023). A large challenge for HLW disposal will be de-
signing long-term engineering barriers that will prevent leaching of radionuclides into surrounding
ecosystems.

3.2. LLRW Disposal within the United States

Nearly 98% of all radioactive waste globally can be categorized into LLW, VSLW, or VLLW (Darda
et al., 2021). Disposal of LLRW has been practiced within the United States and on a global
scale for decades. The management strategy had been well established and widely accepted. Any
organic radioactive waste generated is incinerated while inorganic waste must be converted into
a more durable form to prevent inadvertent radioactivity releases to the surrounding ecosystems
(Stefanovsky et al., 2004). Disposal of LLRW within the United States often involves a form of
pre-treatment to ensure thermodynamic stability followed by packaging and then transit to a final
above ground or near-surface disposal facility. Depending on the activity and concentration of the
radionuclides present in the waste, the final disposal location could be a landfill facility or require
further engineering barriers (Darda et al., 2021). All licensing, operation, and enforcement details
are governed by 10 CFR 61. As mentioned in Section 2 of this paper, LLRW can only be disposed
of at above ground or near-surface disposal facilities if they are within one of three classes: Class A,
Class B, or Class C. Regardless of classification, all LLRW intended for disposal must satisfy the
following criteria outlined in Table 2 (10 Code of Federal Regulations 61§56). These requirements
ensure the health and safety of personnel at disposal sites and facilitate safe handling practices.

Class A waste — unless mixed with other forms of waste — must be stored and disposed of in a
segregated location away from Class B and Class C wastes. This restriction prevents overpressure
and excessive compaction of waste containers that could cause subsidence of the surface above the
disposal cells. Class B, because of its larger concentration of radionuclides, must meet stricter stan-
dards of stability compared to Class A waste prior to disposal. Class C waste must meet the most
demanding standards of stability in addition to requiring additional engineering barriers to prevent
inadvertent intrusions. Additionally, Class C waste requires deeper burial for additional protection
to health, safety, and security (10 Code of Federal Regulations 61§55, 2025; Roy, 2021). It is not
uncommon for Class C waste to be stored in near-surface disposal facilities that bury radioactive
waste or operate out of caverns up to 50 meters below the ground level (Darda et al., 2021). During
operation, above-ground disposal facilities must maintain a continuous monitoring system to track
and store radionuclide concentrations. Security measures must remain in place to ensure adequate
warning to surrounding communities of any unintended release of radionuclides before the particles
cross the disposal site boundary (10 Code of Federal Regulations 61§53).

The United States currently has four licensed disposal sites for LLRW. Figure 3 is a map of the
locations and the parent companies that operate the facilities (United States Nuclear Regulatory
Commission, 2025).
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Table 2: Criteria for LLRW disposal.

Waste Form Requirements Stability Requirements for Waste
Forms

• Not packaged for disposal in cardboard
or fiberboard boxes

• Liquid waste must be solidified or pack-
aged in absorbent material

• Solid waste containing liquid must con-
tain as little freestanding and noncor-
rosive liquid as reasonably achievable

• Waste must not be readily capable of
detonation or explosive decomposition

• Waste must not self-generate toxic
gases or fumes

• Waste must not be pyrophoric
• Waste in gaseous form must be pack-

aged at a pressure that does not exceed
1.5 atm at 20◦C

• Waste containing hazardous, biologi-
cal, pathogenic, or infectious material
must be treated to reduce the hazard
to the maximum extent practicable

• Waste must have structural stability
• Liquid waste must be converted until

there is as little free-standing liquid as
practicable

• Void spaces within waste and between
the waste and its package must be re-
duced as much as practicable
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Figure 3: Location of licensed LLRW disposal facilities and parent companies Energy Solutions ,
US Ecology, and Waste Control Specialists (WCS).

All disposal sites except the Clive, UT Energy Solutions site process and dispose of all classes of
LLRW. The Clive location only accepts and disposes of Class A LLRW. Because of closures of LLRW
disposal sites prior to the start of the 2000s, a large influx of waste was arriving at the Barnwell
and Richland sites. The reaction from the Washington and South Carolina governments prompted
the passing of the Low-Level Radioactive Waste Policy Act in 1980 (amended in 1985) with the
intention of increasing the number of LLRW sites within the US and allowing states to regulate
their own radioactive waste disposal. The Act also encouraged the formation of “compacts” where
states would dispose of LLRW at a common and shared site within the compact region. Despite this
encouragement and compact formation, all siting efforts for new LLRW locations have been halted
and only one LLRW disposal site has been successfully licensed and constructed (Roy, 2021).

3.3. Current HLW Disposal Methods

Akin to the rest of the globe, the United States does has not adopted a permanent solution for the
disposal of HLW (recall that the US does not use the ILW classification proposed by the IAEA).
Section 3.3 of this manuscript explores some of the current methods used within the US to tem-
porarily store or convert HLW while Section 3.4 will cover proposed permanent disposal methods.
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3.3.1. Wet-Pool and Dry-Cask Storage

Wet-pool storage is the first step of a two-step process when managing HLW in the form of SNF.
Spent fuel assemblies from commercial reactors are moved to a secure location within the facility to
a large pool filled with water. Water acts as both a coolant to dissipate the decay heat and a shield
to prevent exposure incidents (Roy, 2021). Maintaining the water level and temperature within a
spent fuel pool is a key security concern for managing SNF. The Fukushima—Daiichi accident in
2011 further emphasized the importance of maintaining robust back-up systems for wet-pool storage
facilities and key equipment. Because of the risk for loss of coolant and make-up water to the fuel
pool, fuel is transitioned to the second step of the two-step process — dry-cask storage — as quickly
as possible (Rodŕıguez-Penalonga & Moratilla, 2017).

Figure 4: Photo of a spent nuclear fuel pool (Nuclear Energy Agency, 2010).

Dry-cask storage became an interim storage method for HLW in the United States because of the
dwindling storage space remaining in spent fuel pools at commercial power plants and because there
was not a long-term disposal site for HLW available. Spent nuclear fuel is placed into a multi-layered
canister/cask system that can be designed for transportation to an alternative location for storage
(Fig. 5a.) or one that can be designed strictly for storage of SNF (Fig. 5b.) (Roy, 2021).

Recent developments in dry-cask technology have seen the creation of “multi-use” casks that are
designed for fuel transportation, storage, and long-term disposal once a HLW permanent disposal
option arises. As long-term HLW storage sites continue to face an uphill battle within the United
States, dry-cask storage is becoming a safe and attractive medium-term storage solution. However,
dry casks are only licensed for 40 years in the United States and would not easily convert to a
long-term permanent disposal option without a large regulatory effort (Darda et al., 2021).
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Figure 5: Cutaway views of vertical dry storage casks with bolted closure lid (a) and welded
canister (b), each containing an internal basket for multiple spent fuel assemblies (Li & Liu, 2016).
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3.3.2. SNF Reprocessing

Reprocessing involves chemical separation of the components SNF to recover valuable uranium (U),
plutonium (Pu), and major actinides for reuse. The most widely used SNF reprocessing method
on a global scale is the Plutonium Uranium Extraction (PUREX) process. PUREX involves a liq-
uid—liquid extraction process that separates fission products from plutonium and uranium in used
fuel. An acidic, aqueous phase is mixed with an organic phase to convert typically hydrophilic forms
of uranium and plutonium into hydrophobic forms that can be easily extracted (see Fig. 6). Typi-
cally, the 4+ and 6+ oxidation states of metals — Pu4+ and U6+ in the form of (UO2)2+ — are
extracted by the PUREX process (Roy, 2021). After extraction, the uranium can be recycled into
reprocessed uranium fuel, and the plutonium can be recycled into mixed oxide (MOX) fuel or used
for defense purposes.

Figure 6: Simplified flow diagram of the PUREX process (Clark, Yang, & Shafer, 2018).

To avoid the separation of SNF into pure plutonium because of the high-proliferation risk, additional
aqueous separation methods have been developed. For example, the Uranium Extraction (UREX)
process does not extract plutonium independently and instead prioritizes the recovery of uranium
and technetium while forcing the plutonium into a complex phase with neptunium. This property
prevents further separation of Pu while reducing the heat load and radiotoxicity of the final HLW
generated during the process (Rodŕıguez-Penalonga & Moratilla, 2017). The policy history of repro-
cessing SNF in the United States has been a tumultuous one. Reprocessing was originally leveraged
during World War II as a means of generating plutonium for nuclear weapons. Beginning in the mid-
1960s, the first commercial SNF reprocessing plant was licensed and operational until it was shut
down in the 1970s for upgrades. Once the plant was shut down, operation never restarted. Three
more reprocessing facilities for commercial SNF were subsequently constructed. However, these never
reached operational status because of the proliferation risk and the low price of uranium disincen-
tivizing fuel reprocessing. Further developments for commercial SNF reprocessing facilities have
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continued to face delays or cancellations for identical reasoning (Roy, 2021; Rodŕıguez-Penalonga &
Moratilla, 2017; Holt & Larson, 2025). In addition to the proliferation risk, commercial SNF repro-
cessing continues to be an economically unattractive means of addressing HLW when compared to
long-term disposal methods. Research conducted by Bunn et al. in 2005 estimated that reprocessing
commercial SNF would be more expensive than long-term disposal methods until the average price
of uranium in $USD per pound of U exceeded $370 per kg U (approximately $167.83 per lb U).
This is a price of uranium that has not been seen at all and was estimated to take several decades
to reach (Fig. 7) (Bunn et al., 2005; Holt & Larson, 2025). The only time the price of uranium came
close to this break-even value was in the early 2000s (Fig. 7).

Figure 7: Historical global uranium price data compared to (Bunn et al., 2005) estimated
break-even price of uranium in $USD per pound for SNF reprocessing to become economically

incentivized (International Monetary Fund, ©IMF, 2025).

3.3.3. Pyroprocessing

Pyroprocessing is a non-aqueous alternative to aqueous extraction methods, such as PUREX. The
core technique for pyroprocessing involves a high-temperature and an electrochemical, selective dis-
solution process. Fuel reprocessing using this method has a lower recovery efficiency, however it is
more proliferation resistant and considerably reduces the final HLW volume for disposal (Roy, 2021;
Rodŕıguez-Penalonga & Moratilla, 2017). All efforts in pyroprocessing are currently on a laboratory
scale and research is on-going.
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3.4. Proposed Permanent HLW Disposal Methods

Regardless of efforts for reprocessing or interim long-term storage for HLW, all forms of HLW will
eventually need to be discarded in a repository that protects the environment and the public from
exposure to radioactivity.

3.4.1. Permanent Geological Repository

A deep geological repository (DGR) is a large excavation within solid rock for the explicit purpose
of storing radioactive waste (Roy, 2021). There is a strong consensus among all nuclear nations
that a deep geological repository is the best option for the containment and isolation of HLW (Roy,
2021; Darda et al., 2021). The primary purpose of a DGR is to store highly radioactive waste long
enough that the radioactivity levels decrease to safe levels and provide passive protection from the
inadvertent release of radioactive materials. As designs have developed for the DGR, the concept of
the multi-barrier safety system has been identified as a key component of the final design. A multi-
barrier design is one in which there are multiple layers or engineering or geological barriers that
prevent the radioactive materials within HLW from reaching areas that could cause harm to people
or the environment (e.g. groundwater). The barriers are generalized as: the solid waste itself, the
metal container around the waste, the overpack surrounding the container, the backfill surrounding
the overpack, and the rocks that surrounding the final buried overpack (Roy, 2021).

One of the toughest challenges for deep geological repositories — excluding politics — is ensuring
that the facility will remain a stable disposal site from upwards of tens of thousands to millions of
years. High-level waste contains a variety of radionuclides with exceptionally long half-lives including
iodine-129 (1.6E+7 years) and nobium-94 (2.0E+4 years) (Yang et al., 2004). Robust geological and
environmental surveys must be conducted prior to site selection to verify the repository is equipped
to handle such long half-life materials. Furthermore, design and operation of a geological repository
can take one of two forms depending on the policy surrounding the site selection process and waste
management. The first form is pure disposal of radioactive waste within a deep geological repository.
This means that once the waste has been placed inside the repository, there are no systems in place
to retrieve or move the waste. The second form is disposal with the option of retrieving the waste if
desired. If spent nuclear fuel reprocessing becomes economically incentivized, there could be a push
to retrieve highly radioactive waste for reuse. Additionally, if there are issues with the repository
identified, the waste can be transported to another secure location to prevent accidental exposure
to dangerous radionuclides. In the United States, the Nuclear Waste Policy Act of 1982 requires
that all deep geological repositories for HLW be designed for disposal and retrieval (Roy, 2021).

Currently, the only deep geological repository in the United States licensed to dispose of HLW is
the Waste Isolation Pilot Plant (WIPP) located in New Mexico (Darda et al., 2021). It is not open
to the disposal of commercial SNF and only US Department of Energy (US DOE) facility-generated
waste is accepted (Roy, 2021). There is no HLW storage and disposal facility available for com-
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mercial spent nuclear fuel and other forms of HLW. There was only one facility deemed feasible
for SNF and HLW storage and disposal within the United States: Yucca Mountain. Section 3.4.3
discusses in further detail the history and issues with this project that led to its ultimate cancellation.

3.4.2. Deep Borehole Disposal

Deep borehole disposal of radioactive waste is a proposed format of deep geological repository that
involves drilling a single borehole deep into the ground (3—5 km), filling it with solidified waste,
and then sealing the borehole with a mixture of bentonite clay and either asphalt or concrete (Fig.
8) (Brady et al., 2009).

Figure 8: Deep borehole disposal schematic for spent nuclear fuel (Brady et al., 2009)

Deep boreholes are estimated to provide effective long-term storage because of the long pathways
present that would hinder radionuclide transport, limited flow of fluids beneath the surface, insuf-
ficient upward ambient pressure to drive radionuclide migration, a favorable sub-surface chemical
environment, and strong mechanical stability of the boreholes to prevent deformation. It was pre-
viously estimated in 2008 that one borehole would cost approximately $20 million dollars and
approximately 110 days to construct (Brady et al., 2009). Without reprocessing or consolidation
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of current HLW inventories, several hundred boreholes would be required. To implement the deep
borehole disposal method, the Nuclear Waste Policy Act must be amended because it mandates that
the Yucca Mountain Nuclear Waste Repository must be the first federally licensed waste disposal
facility for HLW (Roy, 2021).

3.4.3. Yucca Mountain Waste Repository

The Yucca Mountain Waste Repository was one of five sites nominated by the then US Secretary of
Energy as part of the requirements dictated by the Nuclear Waste Policy Act. In 1987, the Yucca
Mountain site was decided by Congress to be the only site further evaluated and categorized as
a permanent waste repository. Speculation exists as to why Congress only chose this site over the
others, but a multitude of sources rely on bias to assert the claim that Yucca Mountain was cho-
sen because of political short-cuts. In 1995, a large body of scientific evidence demonstrated that
there was significant water movement within the fractures of the mountain, raising concerns for the
transport of radionuclides. However, the site was not abandoned and performance assessments and
environmental studies continued (Adams, 2010). Additional concerns of the oxidizing environment
present in the volcanic tuff rock of the mountain, high-seismic activity, and recent volcanic activity
forced the design of the repository to increasingly rely on engineered barriers rather than geological
ones (Ewing & von Hippel, 2009). Proven falsification of geological data and models developed to
predict Yucca Mountain site hydrology in 2005 generated further opposition to the progress of Yucca
Mountain repository (Adams, 2010).

In 2008, the US DOE submitted a license application to the US NRC for the construction of
the repository within Yucca Mountain. Strong opposition from the state of Nevada prompted the
Obama administration to abandon the project and discontinue all funding (Roy, 2021). It has been
estimated that final cost of the Yucca Mountain project sits at approximately $76 billion dollars in
2007 dollars (Ewing & von Hippel, 2009). At the time of writing, there have been no announcements
from the current presidential administration to resume site exploration or funding for further Yucca
Mountain repository development.

3.5. Barriers to Radioactive Waste Disposal

3.5.1. Policy Barriers

The current Nuclear Waste Policy Act (NWPA) as amended in 1987 currently encourages the adop-
tion of a deep geological repository for long-term nuclear waste storage. The US Department of
Energy was tasked with locating a desirable site, building the repository, and operating the final
repository. The US Environmental Protection Agency (US EPA) was tasked with developing stan-
dards to protect the environment and surrounding communities while the US NRC was tasked with
overseeing all licensing activities and ensuring the final repository satisfied requirements outlined by
the EPA. Additionally, the NWPA only called for Yucca Mountain to proceed as the primary site
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for disposal of radioactive waste despite the wording of the legislation prior to amending requiring
the nomination of three sites for possible geological repository locations. Any second or third site
identified in the site selection process would require authorization from the US Congress before any
environmental assessment could proceed (Nuclear Waste Policy Act, 1987). The current language of
the NWPA pigeonholes not only the state of Nevada, but also the NRC, EPA, and DOE into using
Yucca Mountain as a viable site for long-term waste storage, despite mounting evidence against its
viability. Additional siting activities are dissuaded because of the demanding amount of government
approval required to begin the site selection process anew. This strict wording was a source of im-
mense opposition to Yucca Mountain and eventually led to the cancellation of the project by the
Obama administration (Rechard, Cotton, & Voegele, 2014).

Additionally, the NWPA amendments forced all regulations developed for HLW disposal and stor-
age to become site specific rather than generic. The EPA could no longer develop non-site-specific
guidelines and performance standards that ensured protection from hazardous radionuclides (Ewing
& von Hippel, 2009). Instead, they were forced to create regulations for Yucca Mountain only. This
set up the EPA for failure should the Yucca Mountain site become determined unsuitable for long-
term waste disposal. Any additional sites that were selected would need completely new guidelines
that would take more time and more approvals from within the US government.

Finally, the Nuclear Waste Fund established in 1982 by the original NWPA has suffered greatly since
its inception and is ill-equipped to accommodate further funding of permanent geological repository
work. In 1987, the US Office of Management and Budget (US OMB) eliminated the precedent of
setting separate budget planning targets for the Nuclear Waste Fund and instead forced it to com-
pete against other US DOE programs for discretionary spending. Fees collected from utilities by the
Nuclear Waste Fund have been set to zero since 2014 because of ligation in the US Circuit Court
of Appeals from the District of Columbia Circuit (United States Government Accountability Office,
2021). If fee collection were to resume today, the number of commercial nuclear power plants is less
than in the 1980s. The funds would begin to recuperate, but it would take longer to reach a stable
value in which the fund would be able to sustain efforts to find a suitable new geological repository
site.

3.5.2. Social Barriers

Obtaining public support for a deep geological repository is arguably the most difficult portion of
the process. The Yucca Mountain project failed to account for the opinions of the citizens of Nevada
prior to final site selection (Rechard, Cotton, & Voegele, 2014). This generated vehement public
opposition to the project immediately, which only compounded as issues began to arise with Yucca
Mountain as a desirable long-term disposal site. Social issues and concerns with long-term nuclear
waste repositories must be addressed completely and handled just as seriously as technical ones.
Opposition to larger projects, such as deep geological repository construction, is often spurred on
by lack of public involvement in decision processes. The concept of voluntarism — “expression of
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interest in a community to participate in the search process for a suitable radioactive waste reposi-
tory in their vicinity” — must be leveraged when the process of a long-term repository begins again
in the United States (Di Nucci & Brunnengräber, 2017). This concept also means that communities
must be given the opportunity to veto or rescind their consent from the site selection process within
a reasonable amount of time. Successful examples of voluntarism and a consent-based repository
siting search include the Onkalo repository in Finland and in Sweden (Di Nucci & Brunnengräber,
2017).

4. Conclusions and Recommendations

As nuclear energy continues to grow, so does the need for efficient and effective high-level and low-
level waste disposal methods. The United States maintains a robust strategy for LLRW with the
current four disposal sites. However, there are no concrete plans for additional sites in the future
should the current ones become inundated. Despite formation of compacts, states are not currently
obligated to put forth suitable locations for future LLRW disposal sites. It is recommended that the
US government, through authority of the US DOE, US EPA, and US NRC, work with each of the
compacts to identify potential LLRW sites and incentivize compacts to house LLRW disposal sites.
This will prevent current disposal sites from potentially reaching a position of needing to turn away
LLRW because of capacity concerns.

For long-term HLW disposal, deep geological repositories or deep boreholes are both sound technolo-
gies. However, before the United States can construct and operate either system, amendments must
be made to the NWPA to remove the Yucca Mountain specific language and include the principle of
voluntarism in site selection. Finland and Sweden are both excellent examples of where the United
States can implement these policies while still selecting effective locations for long-term geological
repositories. Additionally, it is recommended to further amend the NWPA to address funding gaps
currently within the Nuclear Waste Fund. Deep geological repositories are technically sound, but
without the support of surrounding communities in which the repository will be located, there is
very little chance that the project will ever secure approval. The United States learned this once
with Yucca Mountain and cannot afford to do it again.
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The current work examines the historical nuclear weapons relationship between the United States
and China, and links the changes in nuclear policy to the current day. Since the inception of fun-
damental treaties like the Treaty on the Non-Proliferation of Nuclear Weapons that established the
United States and China as nuclear weapons states, the roles of both nations have changed greatly
in the international system. As the U.S. nuclear arsenal decreases and the Chinese nuclear arsenal
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commitments, possibilities for the future U.S.-China nuclear weapons relationship emerges.

Keywords: United States, China, nuclear weapons, nuclear policy, international relations, non-
proliferation

Introduction

Historical US-China Nuclear Weapons Relationship

The United States and China have one of the world’s most complex bilateral relationships. The
respective nuclear weapons posture of both nations plays a fundamental role in the complexity of
the relationship. Nuclear weapons conversations between the United States and China can be traced
to the first Taiwan Strait Crisis in 1954 (Council on Foreign Relations, 2025). Tensions between the
People’s Republic of China (PRC) and the Republic of China (ROC) throughout the 1950s resulted
in an armed conflict over specific islands in the Taiwan Strait that played a significant role in the
Chinese Civil War (Office of the Historian, 2025). The United States intervened on behalf of the
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ROC (Office of the Historian, 2025). The Eisenhower administration passed the “Formosa Resolu-
tion” in 1955 that gave President Eisenhower the complete authority to defend Taiwan and the other
off-shore islands (Office of the Historian, 2025). During this time, the Eisenhower administration
considered using nuclear weapons against the PRC (Council on Foreign Relations, 2025). Negotia-
tions for the Treaty on the Non-Proliferation of Nuclear Weapons (NPT) marks another instance
of nuclear weapons altering the U.S.-China relationship. The NPT is considered to be one of the
most successful arms control treaties in existence (Popp, 2016). The negotiations were prompted in
part by the Chinese explosion of 1964, China’s first nuclear test (Goldschmidt, 1980). This nuclear
test was of an improvised device (Rodgers & Williams, 2025). The test occurred amidst U.S.-Sino
tensions over an escalating crisis in Vietnam (Council on Foreign Relations, 2025).

In years prior to the test the United States monitored Chinese developments with angst (Gold-
schmidt, 1980). However, US analysts had conflicting reports and opinions about the potential
dangers of the predicted activity (Goldschmidt, 1980). Both the Union of Soviet Socialist Republics
(USSR) and the United States held a shared goal of preventing the PRC from acquiring an inde-
pendent nuclear deterrent (Popp, 2016). The degradation of the Soviet Union’s relationship with
the PRC as a result of the Sino-Soviet split made it so that the PRC nuclearization was equally as
worrying to the Soviet Union as it was to the United States. There existed concerns that the PRC’s
test could become a precedent for other nations with nuclear ambitions. This potential precedent
promised to greatly upset the balance of power for the Soviet Union and United States. At one point
the United States and the USSR considered colluding to halt the PRC’s nuclear military progress
with the use of force (Popp, 2016).

A year later in a declassified National Intelligence report, it was noted that China had TU-16
bombers that were capable of carrying a “bulky nuclear weapon” (Rodgers & Williams, 2025). Thus,
the trepidation is rooted in the foundation of the US-China nuclear weapons relationship. The term
“non-proliferation” did not formally appear until 1965 after this nuclear test (Goldschmidt, 1980).

In 1964, China declared its No First Use (NFU) policy, in which the nation pledges to never ini-
tiate nuclear warfare (Hautecouverture, 2025). China committed to only using nuclear weapons as
a self-defense strategy (Hautecouverture, 2025). In a 2006 defense paper, China reiterated that its
fundamental goal was to “deter other countries from using or threatening to use nuclear weapons
against China (Hautecouverture, 2025). China remains firmly committed to the policy of NFU of
nuclear weapons at any time and under any circumstances” (Information Office of the State Council
of the People’s Republic of China, 2006). Chinese promotion of this policy has continued to modern
day with the submission of the working paper No-first-use of nuclear weapons initiative to the NPT
Review Conference Preparatory Committee in 2024 (Hautecouverture, 2025). Additionally, another
key part of China’s official nuclear policy is the complete prohibition through total destruction
of nuclear weapons (Zhang, 2012). The United States has refused to adopt a NFU policy (Bin &
Hongzhen, 2009).
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In the 1980s, China initiated a nuclear modernization program, aimed at developing mobile missiles
(Bin & Hongzhen, 2009). The program included the expansion of underground facilities in order to
shelter existing nuclear weapons from an enemy attack (China Power Team, 2019).

Operational Arsenal of China

Since 2020, China has continued to expand its nuclear modernization program (Kristensen et al.,
2025). This includes developing three missile silo fields for intercontinental ballistic missiles (ICBMs),
new variants of ICBMs, and new strategic delivery systems (Kristensen et al., 2025). Additionally,
China recently re-assigned an operational nuclear mission to bombers with an air-launched ballistic
missile that potentially had nuclear capability. China’s nuclear expansion is “among the largest and
most rapid modernization campaigns of the nine nuclear-armed states” (Kristensen et al., 2025, p. 1).

Figure 1: Estimated Chinese nuclear stockpile in 2025 (Kristensen et al., 2025)

The Bulletin of Atomic Scientists estimates that China has a stockpile of approximately 600 nuclear
warheads for delivery via land-based missiles, sea-based missiles, and bombers (Kristensen et al.,
2025). Based on a 2024 Pentagon report, it is assumed that China’s nuclear stockpile has surpassed
600 operational warheads since 2024 (Department of Defense, 2024). The Chinese nuclear stockpile
is not operational in the same sense that U.S. and Russian nuclear stockpiles are (Kristensen et
al., 2025). For the U.S. and Russian nuclear warheads, the warheads are deployed on operational
missiles and bomber bases. In the case of Chinese warheads, storage is separate from launchers
(Kristensen et al., 2025). This method is also known as de-mating the warheads from their delivery
systems (Arms Control Association, 2019). By 2030, the Pentagon estimates that China will surpass
1,000 warheads. Many of these warheads will be deployed at “higher readiness levels” (Department
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of Defense, 2024).

Figure 2: Chinese stockpile projections and silo field assumptions (Kristensen et al., 2025)

In previous projections, the Pentagon estimated that the Chinese would have 1,500 warheads by
2035 (Kristensen et al., 2025). This is reflective of the uncertainty in these projections. Uncertain
factors include the number of missile silos China ultimately builds, how many silos will be loaded
with missiles, how many warheads each missile will carry, how many bombers China can corporate,
and how many warheads China can produce (Kristensen et al., 2025) . The more silos loaded, the
greater the stockpile. The Pentagon projections apply the growth rate of new warheads from past
periods to subsequent years (Kristensen et al., 2025).

Operational Arsenal of the US

According to the Department of Energy, the U.S. nuclear stockpile is at the smallest it has been
since 1960 (Department of Energy, 2025). As visible in Figure 3, in the late 1960s the total warhead
count sat at 31, 255. As of 2023, the U.S. nuclear stockpile sits at 3,748 warheads, amounting to a
88 percent reduction from the late 1960s peak (Department of Energy, 2025). The majority of the
current stockpile was produced after the peak of the stockpile in the 1970s and 1980s (Department
of Energy, 2025). At the time of assembly, the weapons were not designed to be long-lasting (De-
partment of Energy, 2025). One hundred nuclear gravity bombs have been deployed to five NATO
countries in order to extend the deterrence policy (Nuclear Threat Initiative, 2025). An estimated
1,500 nuclear warheads are currently awaiting dismantlement (Nuclear Threat Initiative, 2025).

The United States’ total inventory is beyond agreed ceilings in the New START Agreement (Arms
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Figure 3: U.S. Nuclear Weapons Stockpile, 1945-2023 (Department of Energy, 2025)

Figure 4: 2025 Estimated Global Nuclear Warhead Inventories (Arms Control Association, 2025)
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Control Association, 2025). The New START Agreement replaced previous START treaties and
was entered into force in 2011 (Arms Control Association, 2024). It continued a bipartisan process
of reducing the U.S. and Russian strategic nuclear arsenals. The New START capped accountable
deployed strategic nuclear warheads to 1,550, a 30% reduction compared to previous treaties (Arms
Control Association, 2024). An extension of five years until 2026 was agreed to in 2021. However, in
2023 Russia announced it was suspending its START implementation (Arms Control Association,
2024).

China’s Role in the NPT

China was not a member of the Eighteen Nation Disarmament Committee (ENDC), the body that
ultimately created the NPT (Davenport, 2019). Despite a lack of formal involvement, China was
considered to be an observer of note. China played a role in the process of negotiations. China ar-
gued that the treaty was discriminatory and made it clear to ENDC participants that Beijing would
not sign the treaty as it stood in 1968 (Davenport, 2019). At the time of negotiations there existed
a strong sense of abandonment among the ruling elite in China (Popp, 2016). Romania played a
role in the overall influence of China in the NPT (Popp, 2016).

Romanian leadership during negotiations leveraged the Sino-Soviet split to distance themselves from
the Warsaw Pact. Romania maintained relationships with both the Soviets and the PRC, which was
a sign to the Soviets that they could no longer dictate Romanian foreign policy (Popp, 2016). Ro-
mania served as a de facto mediator between the PRC and the Soviet Union for a time. In 1964,
Romania formulated a declaration in which all Communist parties were deemed equal to alleviate
Sino-Soviet tensions (Popp, 2016). During a meeting in 1965 in which the Warsaw Pact members
voted on a proposal for a nonproliferation treaty, the Romanians were the only nation to veto. They
colluded with PRC officials (Popp, 2016).

During the process of negotiations of the NPT, intelligence operations, specifically disinformation
operations were carried out by the Soviet Union (Nance, 2018). China was considered to be a target
of a significant priority by Russian intelligence officers (Nance, 2018). China acceded to the NPT
in 1992 (Ministry of Foreign Affairs People’s Republic of China, 2025).

U.S. Role in the NPT

The United States played a key role in the negotiation process of the NPT. The United States
led a western-bloc collection of nuclear weapon states (NWS) and non-nuclear weapon states (non-
NWS). Drafts prior to the negotiations were created by the United States (Goldschmidt, 1980).
Throughout negotiations, the United States served as the principal negotiator. The United States
and the western-bloc pushed for strong verification measures as opposed to relying solely on national
intelligence measures for compliance checks (Davenport, 2019). Ensuring the International Atomic
Energy Agency (IAEA) could verify peaceful nuclear programs was a non-negotiable (Davenport,
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2019).

Discussion

Perception of Power in the International System

The U.S. and China’s status as a nuclear weapons state (NWS) is a privileged position in the in-
ternational system. Non-NWS view nuclear weapons in a different light than NWS counterparts. A
Zambian representative at the UN 78th Session of the First Committee (otherwise known as the
Disarmament and International Security Committee) argued that nuclear weapons have no place
in the modern world (UN Meetings Coverage and Press Releases, 2023). Despite the common jus-
tification by NWS that nuclear weapons serve as a deterrent, there is no guarantee of international
security (UN Meetings Coverage and Press Releases, 2023). Other non-NWS national representa-
tives conveyed similar perspectives, settling on the idea that the existence of nuclear weapons creates
both temptation and the risk of use (UN Meetings Coverage and Press Releases, 2023). There are
frequent calls for NWS to recall their requirements under the NPT and UN Charter, which extends
to the eventual elimination of nuclear weapons (UN Meetings Coverage and Press Releases, 2023).
Many non-NWS cite Article VI of the NPT, which requires the parties of the treaty to “pursue
negotiations in good faith on effective measures relating to cessation of the nuclear arms race at
an early date and to nuclear disarmament” (International Campaign to Abolish Nuclear Weapons,
2021).

The Chinese Ministry of Foreign Affairs asserts that China actively participates in the non-proliferation
process at regional and international levels (Ministry of Foreign Affairs People’s Republic of China,
2025). This participation includes signing the Comprehensive Nuclear Test Ban Treaty (CTBT) in
1996 (Ministry of Foreign Affairs People’s Republic of China, 2025). Additionally, China was the
first NWS to enter Additional Protocol arrangements with the IAEA into force (Ministry of Foreign
Affairs People’s Republic of China, 2025). However, non-NWS continue to call for not just signatures
of these treaties but also ratification (UN Meetings Coverage and Press Releases, 2023). The Treaty
on the Prohibition of Nuclear Weapons (TPNW) is a particular sore point, as neither the United
States or China have become signatories (Treaty on the Prohibition of Nuclear Weapons, 2017).

For China, the political dimension of nuclear weapons have been emphasized by Chinese leaders
(Kim et al., 2023). Many leaders have pushed the idea that nuclear weapons shape the international
perceptions of China (Kim et al., 2023). Particularly with the United States, nuclear weapons are
viewed as a method for the U.S. to accept a stable and peaceful relationship with China. Nuclear
weapons have a broader political goal of fostering a good external environment for nations (Kim et
al., 2023).
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Differences in Thought Processes about Nuclear Weapons

Bin (2015) discussed the differences in Chinese and U.S. thinking on nuclear weapons. The differ-
ences in thought processes impact communication between Chinese and U.S. nuclear experts (Bin,
2015). The first dimension that differs is the security paradigms. For the United States, the basic
paradigm is to identify and assess threats to national security. Typically a national security threat
is an outside actor and enemy that can enact harm. The threat is measured by their capacity to
harm and intentions. When attempting to implement a change in U.S. security policy, advocates
for the change must establish an enemy that has the capacity and intention to harm (Bin, 2015).
This paradigm is straightforward and accepted by other nations. The “indigenous Chinese security
paradigm” emphasizes national security challenges rather than threats to national security (Bin,
2015). A national security challenge is a situation in which China is vulnerable to specific dangers.
Typical phrasing in Chinese security documents includes “national security challenges” and “national
security threats” (Bin, 2015). To establish Chinese policy on these threats, the government releases
“white papers” (Bin, 2015). These white papers discuss defense policy and the national security
threats as challenges, without creating or identifying a specific enemy (Bin, 2015). The location of
national security threats is another differentiating factor. In the U.S. security paradigm, national
security threats are almost exclusively located outside of the United States. In the Chinese security
paradigm, there is more flexibility. Security threats can be inside the nation (Bin, 2015).

There exists a difference in understanding security concepts. One such issue is definitions of nuclear
deterrence between the United States and China. Americans believe that nuclear deterrence is a
defensive posture. Nuclear deterrence is forcing “an adversary to give up an action by threatening to
use nuclear weapons” (Bin, 2015). Nuclear compellence is forcing the adversary to take an action.
Deterrence and compellence are both considered to be coercion. If a coercive action changes the
status quo it is compellence (Bin, 2015). If it does not change the status quo, it is deterrence. The
Chinese criticize the offensive nature of deterrence instead. There are also various definitions for
“security” and “safety” (Bin, 2015). In the English-speaking world, security and safety are concepts
that are considered distinguishable (Bin, 2015). Safety concerns avoiding damage caused by acci-
dents or natural disasters, whereas security is avoiding damage caused by human attacks. In China,
the same assumptions do not hold. Safety and security are somewhat indistinguishable/integrated.
When applied to nuclear policy, it results in the Chinese holistic philosophy of “comprehensive se-
curity theory” (Bin, 2015).

Changes in Chinese Nuclear Policy

Prior to the reform policy in 1978, Chinese citizens felt it was hypocritical to criticize the nuclear
weapons programs of proliferator nations like India when China had its own nuclear weapons pro-
grams (Bin, 2015). The reform brought about a re-prioritization of national economic interests over
national security interests. This impacts Chinese action in the international system. China became
reluctant to join international sanctions and export control efforts that were against proliferation.
In recent decades, views on economic and national security interests have become more balanced
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(Bin, 2015).

Recent Aggressive U.S. Strategy

Bin and Hongzhen (2009) have noted three recent trends in the American nuclear posture that can
change the U.S.-China nuclear relationship in favor of the United States. The first of these changes
is a moving of nuclear submarines to the Pacific Ocean from other locations. Within the 2010s,
the United States has shifted approximately 1,000 warheads to the Pacific Ocean, therefore making
them much closer to any targets in China (Bin & Hongzhen, 2009). Bin and Hongyi argued that
the shorter flight times for these missiles that are fired from submarines close to Chinese territory
can decrease the mobility of China’s new missiles.

Talmadge (2019) noted that the United States’ core concerns in regards to China’s nuclear arsenal
is that improvements could reduce the United States’ ability to limit damage in an all-out nuclear
war with China. The United States’ preference is for damage limitation, through the use of missile
defense and counterforce measures (Talmadge, 2019). The intended goal with damage limitation is
for China to worry that the United States would have a greater tolerance for bearing the risks of
nuclear escalation when compared to China. The advocates for damage limitation believe that this
approach could deter China from initiating conflict to begin with, including conflict that is less than
the nuclear threshold (Talmadge, 2019).

Additionally, there has been a deployment of missile defenses and the development of space based
radar (Bin & Hongzhen, 2009). Despite the aggressive strategy, Bin and Hongzhen believed that
China could counteract these pressures with low-cost measures to protect “the effectiveness of its
nuclear retaliatory capability” (Bin & Hongzhen, 2009). The counter measures include camouflage
and dummy missiles.

Talmadge (2019) discussed the policies the United States should adopt to manage nuclear compe-
tition with China. Talmadge asserted that U.S. policymakers should acknowledge the trade-offs to
a more competitive nuclear relationship with China (Talmadge, 2019). If the U.S. refuses to admit
there is a mutual vulnerability in a stiff nuclear competition between the two nations, China be-
comes more likely to adopt an ambitious nuclear strategy (Talmadge, 2019).

Chinese Nuclear Program Modernization

Prior to 2019, China’s nuclear posture was defined by three main characteristics: a retaliatory doc-
trine, a small nuclear arsenal, and strict civilian control of nuclear weapons use (Cunnigham, 2023).
Despite general western skepticism of the NFU policy, most analysis concluded that China’s nuclear
forces existed to counter adversarial efforts to blackmail China with nuclear weapons in a traditional
conflict (Cunnigham, 2023). Department of Defense planners are more concerned with China’s dra-
matic expansion as opposed to Russian nuclear activities (Pifer, 2025). This significant expansion
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changes its strategic capabilities. China now has an improved ability to retaliate following a nuclear
attack (Cunnigham, 2023). Although it goes against long-standing policy, China also now has the
option to threaten nuclear first use as coercive leverage in traditional conflicts (Cunnigham, 2023).
This option undermines previous thought from western analysts that Chinese leaders would only
use nuclear weapons in moments of desperation (Cunnigham, 2023). Instead, analysts and leaders
face a new reality: China has greater agency and capacity to manipulate than ever before.

The factors driving China’s modernization of its nuclear program are currently unknown and spec-
ulative (Cunnigham, 2023). Many Chinese nuclear policy experts did not anticipate the recent
buildup and still struggle to understand the complete rationale (Zhao, 2024). Prior to the build-up,
many experts argued that the Chinese nuclear deterrent remained credible and that only modest
modernization was necessary to counter U.S. technological developments (Zhao, 2024). However, one
potential driver is developments in U.S. capabilities (Cunnigham, 2023). In recent years, U.S. nuclear
weapons have become more accurate (Zhao, 2024). Additionally, withdrawing from the Intermediate-
Range Nuclear Forces (INF) Treaty in 2019 signaled an interest in deploying land-based missiles
near China (Zhao, 2024). However, Chinese reactions have historically been less drastic in response
to U.S. changes. Another possibility is a pursuit of a stronger nuclear field to enable non-nuclear
escalation of conflict (Cunnigham, 2023).

The New START Treaty

The New Strategic Arms Reduction Treaty (New START) is built upon the original START treaties
between the United States and the Soviet Union signed in 1991 and entered into force in 1994 (Cen-
ter for Arms Control and Non-Proliferation, 2022). START I marked the first significant reduction in
the U.S. and Soviet Union stockpiles. START I introduced limits for the number of deployed ICBMS
(capped at 1,600) and the number of nuclear warheads on ICBMS, sea-launched ballistic missiles
(SLBMs), and heavy bombers (at 6,000 total) (Center for Arms Control and Non-Proliferation,
2022). It introduced a ban on constructing new types of heavy ICBMS. START I expired in 2009.
The New START treaty was signed in 2010 and entered into force in 2011 (Arms Control Associa-
tion, 2024). It continued the process of reducing U.S. and Russian nuclear arsenals and was extended
until 2026. Limits for nuclear warheads on ICBMS, SLBMs, and heavy bombers were set at 1,550
total, a 74 percent reduction from START I (Arms Control Association, 2024).

The Trump administration pushed for trilateral nuclear arms control conversations between the
United States, Russia, and China in order to determine the future of the New START treaty (Arms
Control Association, 2019). Some experts argue that a trilateral treaty is implausible and that
waiting to act for the hope of China’s participation would result in a loss of benefits from New
START. In China’s 2010 white paper on national security, it is clearly outlined that China believed
the primary responsibility for nuclear disarmament rests on the shoulders of the United States and
Russia (Arms Control Association, 2019). When the nations with the two largest nuclear arsenals
take legally binding and irreversible action towards nuclear arsenal reduction, other NWS like China
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intend to join in on other multilateral nuclear disarmament agreements (Arms Control Association,
2019).

Under New START rules, warheads are accountable only if they are deployed on long-range missiles,
bombers, and submarines (Arms Control Association, 2019). China would be considered to have
zero warheads deployed on long-range missiles.

As recently as August of 2025, the Chinese Foreign Ministry commented that it was unrealistic
and unreasonable to expect China to participate in trilateral nuclear disarmament conversations
with the United States and Russia (CBS, 2025). The spokesperson reiterated that because Russia
and the United States possess the largest nuclear arsenals, combining nearly 90% of the world’s
nuclear weapons, that the primary responsibility for disarmament should rest on their shoulders
(CBS, 2025). China favors disarmament in principle, but is currently unwilling to join invitations
for nuclear arsenal reduction conversations.

Potential New Cold War

The last instance of an intense peer rivalry for the United States was during the Cold War with
the Soviet Union (Kim et al., 2023). The U.S. guiding policy at the time was to check Soviet ex-
pansionism and Communism. There were two different economic worldviews, as the Soviets viewed
capitalism as a direct threat to their socialist system. Moscow funded various left-wing revolution-
ary movements and the United States engaged in counter-movements and proxy battles resulting
in destabilization of many regions globally. China’s global position is not comparable to the Soviet
Union (Kim et al., 2023). The U.S. and Chinese economies are increasingly intertwined after the
post-Cold War era. Beijing has also taken a different approach than Moscow, as they do not seek to
impose their political model on other nations (Kim et al., 2023). There is no existential threat posed
by China to the U.S. and its way of life. China’s continued growth is contingent on engagement
with the outside world (Kim et al., 2023).

China seeks military superiority in its region (South and East China Seas and Taiwan) which poses
a threat to the United States’ alliance commitments (Kim et al., 2023). The relative strength of
alliances in Sino-American competition is dependent on the region of the ally, the level of American
commitment, and the relative level of shared interests (Bandow et al., 2025). Allies that are in the
Indo-Pacific region aid more in deterring China as opposed to other regions (Bandow et al., 2025).
Indo-Pacific nations can contribute greater to frontline defense through their own military power as
well as hosting American military forces (Bandow et al., 2025). A threat posed to alliances that are
strategically critical for maintaining deterrence will be taken seriously by U.S. officials.

While not identical to the previous Cold War conditions, the U.S.-China relationship meets the
basic geopolitical definition of a cold war (Bandow et al., 2025). As defined by Bandow and col-
leagues (2025), a cold war is a “a state of political hostility between countries that unfolds across
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all domains short of open, direct warfare.” The particular challenge in this cold war is the inability
to decouple from China, as doing so would come with a great economic cost. Not only is China a
major trading partner with the United States, but also with 120 other nations, many of which are
U.S. allies (Bandow et al., 2025). It is unlikely that the majority of these allies would fully join the
United States against China. Chinese participation is necessary for tackling challenges like climate
change and renewable energy transitions (Bandow et al., 2025). As a path forward, the U.S. and
China must further sovereignty and non-aggression principles that are set forth in the UN Charter
(Bandow et al., 2025).

A major barrier to managing crisis instability is who is responsible for causing the crisis liability
(Kim et al., 2023). China’s perception of hostile U.S. political intentions is a main contributor to
disagreements (Kim et al., 2023). At the end of the first Trump administration, China reportedly
became concerned that U.S. desperation to destabilize China would lead to a surprise military at-
tack in 2020 (Kim et al., 2023). Many top Chinese military officials are of the opinion that China
must leverage its nuclear power to contain any U.S. “war impulses against China” (Kim et al., 2023).
This conviction that the U.S. is purposefully creating the crisis instability pushed China towards
the belief that military risks are necessary (Kim et al., 2023). Ultimately, perceived political hos-
tility will enhance “internal self-righteous thinking,” leading decisionmakers to prioritize capability
development over reduction measures (Kim et al., 2023). In managing a cold war, perception of
political intentions will mean the difference between straightforward reduction measures that align
with NPT commitments and escalation through capability development.

Conclusions

The United States and China have a complex nuclear weapons relationship that dates to the 1950s.
It has consistently been interwoven with how both nations view the world and the ways in which
they interact with other members of the international community. In recent years, the inventory
of the respective operational arsenals have diverged. China appears to be growing its arsenal at
a rapid pace, the United States has its smallest arsenal since the 1960s. While this divergence
indicates nuclear policies still may be evolving, lack of ratification of multiple nuclear weapons
treaties like the Comprehensive Test Ban Treaty (CTBT) and the Treaty on the Prohibition of
Nuclear Weapons (TPNW) indicate that some underlying principles remain the same. Motivations
for China’s growing arsenal have been increasingly debated but remain largely unverifiable. U.S.
technological developments, despite the lack of arsenal growth, could account for some of the Chi-
nese concern and subsequent push to increase their arsenal. Aggressive U.S. political strategy is also
noteworthy and could play a role in China’s motivations for nuclear weapons growth.

China and the United States have different definitions for many facets of security, stability, and their
positions NWS. Varying understandings of security paradigms can also contribute to a mismatch
in priorities and strategy. There exists a need for mutual vulnerability on the part of both nations.
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On the part of China, this need could require a greater willingness to engage in New START treaty
discussions. Despite touting strong principles around disarmament, the reluctance to engage does
not match these ideals.

The true future of the U.S.-China nuclear weapons relationship will rest in managing the ongoing
cold war. The reasoning behind China’s rapid modernization of its nuclear program needs to be
further investigated. The continued growth of the Chinese arsenal will likely continue to be closely
monitored. The current Trump administration needs to remain aware of how aggressive strategies
are being perceived by Chinese leadership. Escalated competition between the U.S. and China will
only lead to unbearable costs – particularly economic ones.
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Nuclear energy is experiencing unprecedented global interest, driven by its potential contributions
to climate change mitigation and energy security. This paper examines the role of nuclear energy
in providing energy security for countries that have either an established nuclear energy program
or an emerging program, and analyzes how these considerations shape the foreign policies of the
United States, Russia, and China. Russia and China have integrated nuclear energy technology
and fuel exports into their foreign policies as tools of geopolitical influence. In contrast, the United
States – despite its early leadership – has lacked a cohesive export strategy and allowed its industry
to stagnate. Countries new to nuclear energy are increasingly seeking partnerships to introduce
nuclear energy into their energy systems. Without United States participation, Russia and China
are positioned to fill this demand, potentially reshaping global geopolitics. Comprehensive reform of
the Nuclear Regulatory Commission and revised federal policy are essential to revitalize the United
States nuclear industry and restore its role in the global market.
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Introduction

The global energy landscape is changing. New technologies such as renewable energy have been
introduced to combat climate change, while geopolitical tensions are prompting countries to reduce
reliance on unstable energy supplies. At the same time, developing economies are seeking secure en-
ergy production technologies to support growth and improve quality of life. Two key forces shaping
the global energy landscape are climate change and energy security — meaning the stability and
reliability of energy systems.

Nuclear energy is an energy production technology that can help mitigate climate change and im-
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prove energy security. Nuclear power has been deployed for commercial energy production since the
1950s. It is not a new energy technology like modern solar or wind, but it has experienced renewed
interest because of shifts in the global energy landscape. It is recognized as a clean, secure energy
source that can help mitigate climate change while providing reliable energy for both economic
growth and the everyday needs of societies. As such, countries with and without civil nuclear en-
ergy experience are investigating its potential for their energy systems.

Like many other energy supplies and technologies, nuclear energy infrastructure and associated fuel
exports can be leveraged by world powers as instruments of foreign policy. Two major world powers
– Russia and China – have strategically included nuclear energy in their foreign policies. Another
major world power – the United States – included nuclear energy in its foreign policy in the indus-
try’s early decades, but has failed to systematically incorporate it in modern foreign policy. This
lack of direction disadvantages the United States relative to the other major world powers. Despite
this, the United States remains an international standard-bearer for nuclear safety, regulation, and
oversight practices. To retain this ability to ensure robust international enforcement of the Nuclear
Non-Proliferation Treaty, the United States must participate in the global market. Comprehensive
policy and regulatory reform are needed to enable the United States commercial nuclear industry
to compete globally. Given that realignment of national leadership within the international nuclear
energy industry has global consequences, the world stands to benefit from the United States’ return
to the global nuclear energy market.

Nuclear Energy in Context

Commercial nuclear power began in the United States and Russia in the 1950s. The industries
grew quickly, and in 2023 nuclear energy represented 18.6% of electricity production in the United
States (U.S. Energy Information Administration, 2024). Nuclear reactor construction in the United
States slowed dramatically after the Three Mile Island accident in 1979 and the Chernobyl disaster
in 1986, with few new reactors approved for construction after 1977 (World Nuclear Association,
2025b; Teräväinen et al., 2011). France, however, expanded its nuclear power program from 4% of
its electricity production in 1970 to 78% in 2006 (Teräväinen et al., 2011).

Following the Fukushima reactor accident in 2011, it seemed nuclear energy would experience ad-
ditional global decline. Indeed, Germany resolved to permanently close all its nuclear reactors and
Japan quickly shut down all nuclear reactors. Both countries turned to fossil fuels to replace the
power produced by the closed nuclear power plants. However, interest in nuclear energy is growing
in developing economies, driven by the promise of low-carbon electricity and improved energy se-
curity (Holgate & Saha, 2018). At the same time, countries with established nuclear industries are
re-evaluating nuclear energy’s role in their energy systems as concerns about climate change and
energy reliability intensify.
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In 2023, the United States saw its first newly approved reactor since the late 1970s begin operation
at Plant Vogtle in Georgia (U.S. Department of Energy, 2023b), a milestone that both highlights the
country’s long stagnation and signals its tentative re-entry into nuclear energy development. Simi-
lar trends are visible elsewhere: Japan, for example, has restarted reactors after years of shutdowns
(World Nuclear Association, 2025b), while other nations are exploring new projects. Together, these
developments illustrate a global trend of re-invigorating nuclear power to confront climate change
and energy security challenges.

This renewed interest is reflected in international projections and agreements. In 2013, the Inter-
national Atomic Energy Agency (IAEA) projected that global nuclear power plant capacity could
increase by 100 to 768 GW in 2050, up from about 373 GW in 2012 (IAEA, 2013). In the 2015 Paris
Agreement, countries committed to reducing greenhouse gas emissions, and ten countries – repre-
senting 40% of global energy demand – included nuclear energy in their climate pledges (Holgate
& Saha, 2018). At the United Nations World Climate Action Summit of the 28th Conference of
the Parties (COP28), attending countries recognized nuclear energy’s value as a source of sizeable
baseload capacity, comparable to fossil fuels but without carbon emissions, while also highlighting
its energy security benefits. Nuclear energy was identified as a key tool for limiting warming to
1.5◦C, with analysis showing capacity must triple by 2050 to reach net-zero emissions. At COP28,
twenty countries signed an agreement to triple nuclear energy production by 2050 (U.S. Depart-
ment of Energy, 2023a). Developing countries, expected to be disproportionately affected by climate
change, are also turning to nuclear energy to support economic growth and expand reliable energy
access (Holgate & Saha, 2018). Taken as a whole, these international commitments signal nuclear
energy’s repositioning as a central tool for climate mitigation and energy security.

Nuclear Power and Energy Security

Energy security is a cornerstone of modern energy policy, reflecting an energy system’s resilience to
disturbances and its ability to recover without major interruptions to supply or price (Jun et al.,
2009; Kosai & Unesaki, 2024). Strong energy security minimizes disruptions for consumers and crit-
ical systems, ensuring reliable electricity when it is needed most. Energy security can be described
by multiple interrelated factors that contribute to the resilience of an energy system. One factor of
energy security is the number of energy suppliers because multiple supply paths minimize disrup-
tion when interruptions occur. Another factor is the diversity of energy sources. Relying on multiple
forms of electricity generation – such as natural gas, nuclear, and solar – protects against failures
that affect a single type. For example, a global shortage of natural gas would disrupt production
everywhere, but diverse sources minimize disruption.

Energy security is also strengthened by increased domestic production and the ability to stockpile
fuel. Domestic production gives countries greater control over their energy production and reduces
the influence of international tensions on supply. Stockpiling further mitigates the impact of global
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disruptions by providing time to reestablish supply paths before reserves are depleted (Ćwiek-
Karpowicz, 2012). Energy security can be assessed through several indicators, including the share
of the total supply provided by each energy type, the proportion of energy supply that is imported
and the diversity of those imports, and the ratio of energy production to a country’s population
and gross domestic product (GDP). Beyond these structural indicators, a societal indicator that is
more important to nuclear energy than other energy sources is public opinion. Negative perception
can limit utilization and expansion of nuclear energy, making it an important element of nuclear
energy security (Kosai & Unesaki, 2020).

These factors and measures illustrate the importance of energy security in ensuring societal and
economic stability and shaping geopolitical dynamics. Reliable energy supplies are essential for eco-
nomic stability, societal wellbeing, and supporting economic and social development in emerging
regions (Committee for Economic Development, 1976; Holgate & Saha, 2018; Jun et al., 2009). As
energy demands increase globally with rapid economic development, energy security is becoming a
pressing challenge in rapidly growing regions. Geopolitical dynamics strongly influence energy secu-
rity, as shifting alliances and international tensions can undermine energy security (Jun et al., 2009).

A key benefit of nuclear energy for energy security is the high-energy density of the fuel. As a
result, nuclear power plants require relatively infrequent refueling when compared to other baseload
energy options such as coal, oil, and natural gas. The high-energy density enables nuclear fuel to be
stockpiled more extensively than fossil fuels and thus reduces its susceptibility to market price fluc-
tuations, supply disruptions, or global geopolitical issues (Hebda & Mǐśık, 2024). This combination
of energy density and stockpiling capability is a distinct contribution of nuclear energy to energy
security.

However, nuclear energy also introduces unique risks, particularly the potential proliferation of
weapons-grade material. Implementation of proliferation-resistant technologies and robust surveil-
lance systems to monitor nuclear material globally can mitigate the risk of theft or sabotage (Com-
mittee for Economic Development, 1976). Importantly, the Treaty on the Non-Proliferation of Nu-
clear Weapons (NPT), which has been in effect since 1970, requires non-nuclear-weapons states
that are party to the treaty to file reports and allow International Atomic Energy Agency (IAEA)
inspectors into facilities to validate materials are not being used for weapons purposes. Addition-
ally, some small modular reactor (SMR) technologies have improved proliferation resistance and
can thus mitigate proliferation concerns in countries with new nuclear energy programs (Holgate &
Saha, 2018). These measures demonstrate that while nuclear energy has unique risks, strong inter-
national safeguards systems exist to mitigate them.

Nuclear energy is a valuable part of an energy system because it provides baseload energy supply
without carbon emissions – offering an alternative to emissions-heavy fossil fuels. For example, fol-
lowing the Fukushima Daiichi reactor accident, Japan shuttered many nuclear power plants and
turned to liquefied natural gas (LNG) and oil imports to meet its energy production needs. In the
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four years following, carbon dioxide emissions and consumers’ energy prices increased. Germany
made a similar decision to close all of its nuclear plants. It aimed to replace nuclear plants with
renewable energy sources, but ultimately increased reliance on coal to meet the energy demand.
This decision increased Germany’s carbon dioxide emissions and energy prices (Holgate & Saha,
2018). These cases demonstrate that removing nuclear from an energy mix can undermine climate
goals and energy security by increasing reliance on fossil fuels.

Enhancing energy security inevitably involves costs. However, different energy sources have different
costs of energy security, reflecting their distinct risks. For example, fossil fuels generally have greater
probabilities of supply disruption compared to nuclear energy, and thus impose a larger cost to miti-
gate this risk. A study of South Korea’s energy system found that nuclear energy had the least cost of
energy security, reflecting the small probability of disruption and limited price volatility (Jun et al.,
2009). This study indicates that while all energy sources have energy security costs, nuclear energy’s
are comparatively less. Energy security and climate change are central concerns in energy policy
and have driven renewed interest in the potential contribution of nuclear energy to mitigate these
concerns. For these reasons and others, international interest – from countries with prior nuclear
energy experience to countries without any experience – is predicted to grow in coming decades.
As a result, nuclear energy is likely to play an increasingly important role in global energy strategies.

Global Nuclear Programs: Interests and Trajectories

International interest in new nuclear power projects has grown in recent years, spanning both coun-
tries with experience in nuclear energy and countries that are new to the technology. The World
Nuclear Association estimates more than 30 nations operate nuclear power plants and at least 20
are considering initiating nuclear power programs (Burns, 2019). The renewed interest can be at-
tributed in part to global issues such as the 2008 economic crisis, the 2015-2016 oil price collapse,
and the 2022 invasion of Ukraine (Burns, 2019; Hebda & Mǐśık, 2024). Several countries including
the United States, Russia, China, France, Canada, and South Korea have established nuclear energy
technology. Countries and regions in various stages of pursuing new nuclear energy projects include
Poland, Hungary, Czechia, Slovakia, Finland, Turkey, the United Kingdom, and West African coun-
tries (Birikorang et al., 2026; Hebda & Mǐśık, 2024; Teräväinen et al., 2011).

Energy security is a common driver of nuclear energy expansion, alongside decarbonization, eco-
nomic development, and cost stability amid volatile fossil fuel markets (Committee for Economic
Development, 1976; Holgate & Saha, 2018; Jun et al., 2009). These drivers have fueled renewed
global momentum behind nuclear energy projects. The Visegrad Countries, a collection of former
Soviet states encompassing Poland, Hungary, Czechia, and Slovakia, have both extensive nuclear
energy experience and interest in expanding the industry. Nuclear energy is an important energy
source in three of the countries, providing 44% of Hungary’s electricity, 60% of Slovakia’s, and 37%
of Czechia’s. Poland does not have its own nuclear power plants and has historically relied heav-
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ily on domestic coal production to power its energy grid. Energy security is an important reason
the four countries are interested in expanding their nuclear power capacity. In their view, nuclear
energy is viewed as a stable baseload supply that can be generated domestically, with only infre-
quent fuel imports. Russia’s invasion of Ukraine in 2022, which led to the European Union (EU)
imposing economic sanctions that discouraged Russian fuel imports, further encouraged Poland and
Czechia to minimize dependence on Russian fuel supplies. Poland simultaneously aims to reduce
its carbon emissions by phasing out its coal power plants in favor of nuclear power plants (Hebda
& Mǐśık, 2024). In addition to energy security concerns, Czechia is facing an aging fleet of nuclear
and coal power plants requiring replacement (Betkowski, 2022; Ćwiek-Karpowicz, 2012; Hebda &
Mǐśık, 2024) and has plans to work with Korea Hydro and Nuclear Power (KHNP) for new reactors
(World Nuclear News, 2024). Hungary is also pursuing new nuclear reactors to support a stable
and independent energy supply, but unlike its neighbors, is working with the Russian state-owned
nuclear energy company Rosatom (Hebda & Mǐśık, 2024). Slovakia has new reactors under con-
struction and is evaluating additional reactors with French and U.S. nuclear companies (American
Nuclear Society, 2024).

France is one of a handful of countries with established nuclear energy programs. Following the oil
crisis of 1973, the French government pursued a coordinated effort to expand the country’s nuclear
energy production. The government pursued this effort to minimize the impacts of such crises in
the future and achieve the country’s energy security goals (Teräväinen et al., 2011). At 78% of total
electricity production, France has the largest share of nuclear energy in its energy mix of any coun-
try. With an aging fleet, France is evaluating the future nuclear energy in its energy mix (Hebda &
Mǐśık, 2024).

Prior to the Chernobyl and Fukushima reactor accidents, Japan and Germany both operated nu-
clear power plants for electricity production. Following these incidents, Germany resolved to close
all of its nuclear power plants and Japan significantly scaled back nuclear energy production (Ćwiek-
Karpowicz, 2012). As nuclear plants closed, both Germany and Japan increased fossil fuel imports
and consumption (Holgate & Saha, 2018; Ćwiek-Karpowicz, 2012). Germany became increasingly
reliant on Russian imports of crude oil and natural gas, as well as domestic coal production (Ćwiek-
Karpowicz, 2012). However, Japan did not commit to completely phasing out nuclear energy fol-
lowing the Fukushima incident and has instead begun restarting shuttered reactors and initiated
construction of new reactors (World Nuclear Association, 2025a; Hebda & Mǐśık, 2024). The con-
trasting trajectories of Germany and Japan demonstrate how countries with similar concerns have
pursued different policies, with Germany remaining committed to its nuclear energy phase-out while
Japan shifts course to a new era of nuclear energy.

In 2015, the West African countries of Burkina Faso, Benin, Mali, Ghana, Niger, Senegal, and Nige-
ria formed a coalition to evaluate the deployment of nuclear energy in the region. These countries are
interested in nuclear energy to power their growing economies because it is reliable, produces energy
without carbon emissions, and provides energy security. The group evaluated the ability of several
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modern (Generation IV) reactor designs to be operated safely in a region with weaker regulation
and oversight systems, less advanced physical infrastructure, and limited nuclear energy expertise.
SMRs produce less power than traditional large reactors, making them better suited to the smaller
energy demands of developing countries. Additionally, some SMR designs in development have im-
proved safeguards against proliferation and sabotage compared with established designs (Birikorang
et al., 2026). For West Africa, SMRs represent a opportunity for secure, low-carbon energy tailored
to regional needs and governance capabilities.

A number of countries and regions – countries with established commercial nuclear energy and
countries with no nuclear energy experience – have demonstrated renewed interest nuclear energy
to meet their energy goals. Among countries with operational nuclear power plants, a minority have
the capability to manage the full nuclear life cycle domestically, from design to decommissioning.
This lack of capability provides an opportunity for countries with this capability to export nuclear
reactors, nuclear power plant components, and nuclear fuel, representing both an economic boon
and an opportunity for geopolitical influence, particularly for major world powers.

Comparative Nuclear Energy Policies: United States, Russia, and
China

World powers leverage economic influence to a greater extent than military might to gain influ-
ence over other countries or political organizations. Nuclear energy is one of the levers available to
the major world powers with nuclear energy capability – the United States, Russia, and China –
to grow ties with other countries (Jun et al., 2009). While other countries such as France, South
Korea, and Canada have developed nuclear reactor technology, reactor exports have not histori-
cally been a significant element of their foreign policies as it has been for the three world powers.
Exporting countries can establish partnerships to provide support and technological expertise, and
export reactors to countries with developing programs. The renewed global interest in nuclear power
provides an opportunity for the United States, Russia, and China to establish partnerships with
nations seeking to invest in nuclear energy, thereby strengthening economic and geopolitical ties
(Burns, 2019).

Energy exports are an important lever Russia uses to implement its foreign policy. The country uti-
lizes natural gas supply dependencies as geopolitical leverage over importing countries. For example,
in 2006, Russia cut off natural gas supplies to Ukraine after its presidential election. Russia halted
supplies to the country again in 2009 (Holgate & Saha, 2018; Ćwiek-Karpowicz, 2012). Russia’s
invasion of Ukraine in 2022 further destabilized natural gas supplies in the European Union partly
because of economic sanctions imposed on Russia. The European Union recognizes the threat to
energy security posed by the reliance on Russia for fuel supplies and aims to reduce reliance. How-
ever, similar to fossil fuel resources, nuclear energy technology provided by Russia’s state-owned
nuclear energy corporation, Rosatom, is another method for Russia to exert its influence globally
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(Holgate & Saha, 2018; Hebda & Mǐśık, 2024). Russia has nuclear energy agreements and contracts
with several countries (Figure 1), and these agreements are an element of Russia’s foreign policy,
with goals to reshape the European Union’s energy dependencies and alter the global balance of
power. Agreements with Rosatom may require an importing country to source fuel for the nuclear
power plants from Russia for a specified term or rely on Russia for operation of the power plants.

Hungary provides an example of the interrelation between nuclear energy technology exports and
Russian influence. Russia has provided the technology for and helped fund new nuclear power plants
in Hungary. Russia’s support for Hungary’s new reactors has strengthened ties with Prime Minister
Viktor Orban, who has become a proponent within the European Union of strengthening relations
with Russia (Holgate & Saha, 2018). Russia has partnerships in varying stages between broad agree-
ments and formalized contracts with countries in Europe, Asia, Oceania, Africa, and South America,
which extends Russian influence around the world. Russia’s use of nuclear energy exports mirrors
its broader energy strategy of leveraging supply dependencies for geopolitical influence.

Figure 1: Geographic Distribution of Chinese and Russian Commercial Nuclear Exports.1

Although China’s nuclear energy program developed more recently than those of Russia and the
United States, it has significant potential. China has an established nuclear industry with technology
deployed domestically and, like Russia, export agreements with other countries (Figure 1). China’s

1Reprinted from “America Must Lead on Nuclear Energy to Maintain National Security,” by L. S. H. Holgate &

S. Saha, 2018, The Washington Quarterly, 41(2), p. 14. https://doi.org/10.1080/0163660X.2018.1484223. Copyright

2018 by the Center for Strategic and International Studies.
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global development strategy, the Belt and Road Initiative, incorporates nuclear energy exports to
strengthen ties with partner countries, particularly along the corridor from China through the Mid-
dle East to Europe. To date, China has exported nuclear reactors only to Pakistan, but there are 41
countries within the borders of the Belt and Road Initiative that have expressed interest in nuclear
power. China has established relations with these countries, increasing the likelihood they turn to
China for technology and help developing their nuclear energy programs. China extends loans and
aid to make its nuclear exports more accessible to partner countries. China emphasizes research
and development, attracting foreign firms – such as those in the United States – that face limits on
testing designs domestically. Like Russia, China’s exports have increased in recent years (Figure 2),
and the country can be expected to use nuclear technology exports to exert geopolitical influence
(Holgate & Saha, 2018). Nuclear energy exports have become a central element of China’s Belt and
Road strategy, positioning it as a potential competitor to Russia in global nuclear energy influence.

Figure 2: Global Nuclear Exports by Supplying Country (Russia, China, and the United States).2

The United States spearheaded the development of commercial nuclear energy in its early years,
positioning itself as the industry’s initial leader and, following President Eisenhower’s “Atoms for
Peace” speech in 1953, nuclear reactor exports became an important component of the United States’
foreign policy. These exports simultaneously fostered long-term international relations and allowed
the United States to establish international standards for safety and proliferation risk mitigation.
Even as reactor exports waned (Figure 2), the United States continued to participate through nu-
clear cooperation agreements and fuel exports (Committee for Economic Development, 1976; World
Nuclear Association, 2025b). By 2018, United States nuclear reactors represented only 13% of new
construction globally, including domestic projects. However, the United States retains a distinct
advantage that is attractive to potential customers – nearly seven decades of safe operation of its

2Reprinted from “America Must Lead on Nuclear Energy to Maintain National Security,” by L. S. H. Holgate &

S. Saha, 2018, The Washington Quarterly, 41(2), p. 12. https://doi.org/10.1080/0163660X.2018.1484223. Copyright

2018 by the Center for Strategic and International Studies.
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domestic nuclear reactor fleet. The United States maintains a reputation for excellence in nuclear
energy technology, safe operation, safeguards against bad actors, and robust regulation. This repu-
tation can help the United States reenter the global market as a serious challenger to Russian and
Chinese nuclear energy technology (Holgate & Saha, 2018). However, the United States’ credibility
depends on continued domestic deployment, which builds international trust in United States tech-
nology.

In addition to a slow pace of domestic nuclear reactor deployment, inconsistent federal funding
support for research and development negatively affects the industry’s competitive advantage over
international players (World Nuclear Association, 2025b). United States nuclear technology com-
panies and scientists have sometimes turned to Chinese funding, introducing a risk of intellectual
property transfer. Partnerships with Chinese firms can erode United States firms’ competitive ad-
vantage by providing China with access to United States firms’ intellectual property and enabling
exports reactor designs based on that technology (Holgate & Saha, 2018). Unlike Russia and China,
the United States has not exported nuclear reactors since the 1990s (Figure 2), and reactor exports
are no longer a central element of its foreign policy, even as cooperation agreements and fuel exports
continue (World Nuclear Association, 2025b). This stance is in significant contrast to Russia and
China’s growth, highlighting that the United States effectively sidelined nuclear energy progress
for decades. Recent policy changes – particularly the Inflation Reduction Act’s tax credits for the
existing fleet, research and development credits, and funding for new fuel research (Inflation Reduc-
tion Act of 2022, 2022) – signal renewed support. New Executive Orders in 2025 further highlight
renewed federal interest in expanding United States nuclear energy.

The United States’ lack of participation in the global market, which declined following the Chernobyl
reactor accident (Figure 2), will not prevent expansion of nuclear energy globally. The International
Atomic Energy Agency (IAEA) predicts that global nuclear energy demand will increase by 100 to
768 Gigawatts by 2050 when compared to 2012 (IAEA, 2013), and this demand will be filled by the
United States’ competitors if its technology is not an option. Russia and China are positioning to
meet this demand while the United States is not (though that may have started to change in recent
years). Russia and China’s positioning represents a serious threat to the United States’ national
security interests if Russia and China remain unchallenged. Historically, the United States has used
its global leadership in the industry to influence safety, security, and nonproliferation standards. The
United States must participate in the global market to maintain this standard-bearer position and
maintain the robust regulatory standards of the Nuclear Non-Proliferation Treaty (NPT). Russia
and China have comparatively weak security standards and poor safety records (Holgate & Saha,
2018). If the United States does not increase its engagement, the global market may lack a strong
leader to uphold standards for safety and safeguards (Burns, 2019).

Additionally, nuclear energy deployment in developing countries is an example of soft power, whereby
the United States can gain influence in these by providing aid as opposed to exerting force. Support-
ing developing economies by providing nuclear energy technology is an opportunity for the United
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States to support economic advancement and thus improve its reputation in these countries (Holgate
& Saha, 2018; Jun et al., 2009). By providing secure nuclear energy partnerships, the United States
can help nations reduce dependence on external aid, strengthening economic stability, autonomy,
and resilience. However, if the United States’ does not capitalize on the renewed global interest
in nuclear energy and the opportunities to reenter the market, its global influence may decline
(Holgate & Saha, 2018). The policies of Russia, China, and the United States illustrate divergent
approaches to nuclear energy in foreign policies. Russia and China have expanded exports as tools
of geopolitical strategy, with the United States has been conspicuously absent. The renewed global
interest in nuclear energy presents an opportunity for the United States to reenter the market as a
key competitor to Russia and China.

Recommendations for Advancing Nuclear Energy and Energy Secu-
rity

In a landscape of increasing global nuclear energy demand, the policies of major nuclear energy
suppliers are increasingly relevant. The United States’ nuclear energy industry has declined partly
because of increasingly burdensome regulatory requirements and neglect in energy policy. Policy
changes can help boost its domestic nuclear industry and propel it back to a position of global
leadership (Holgate & Saha, 2018). Russia has demonstrated a policy of extensive government sup-
port of the state-owned nuclear energy company, viewing nuclear energy technology export as an
essential component of its foreign policy. China’s nuclear energy industry similarly enjoys significant
government support, and nuclear energy technology export is an important component of its “Belt
and Road Initiative” foreign policy. The United States, however, has no cohesive plan for nuclear
energy technology exports as an important component of its foreign policy. In this global balance,
Russia and China stand to benefit economically and geopolitically from nuclear reactor exports.

Comprehensive reform of the United States Nuclear Regulatory Commission (NRC) to stream-
line safety reviews and permitting without compromising safety would be a significant benefit for
the industry. Since the beginning of the commercial nuclear energy industry in the United States,
regulations have become increasingly complex, creating barriers to innovation and deployment.
Comprehensive reform can simultaneously improve safety by clarifying requirements and stream-
line the permitting process to encourage domestic innovation and new reactor projects. A healthy
domestic industry is a prerequisite for exporting nuclear reactors, as it improves global trust in
the technology. Simplifying federal governance of export agreements to expedite the establishment
of export agreements would also improve the ability of United States companies to compete with
firms in other countries that are able to reach such agreements more quickly. Additionally, Russia
and China offer financing to importing countries, making their offers more financially attractive.
Comparable financing mechanisms from the United States government would enhance international
competitiveness of United States nuclear reactor technology (Holgate & Saha, 2018). Notably, in
June 2025, the World Bank ended its ban on financing for nuclear energy projects (World Nuclear
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Association, 2024). The development offers importing countries an alternative financing avenue be-
yond reliance on Russia or China. Finally, expanded investment in research and construction could
help is essential to revitalizing the United States nuclear industry and restoring global leadership.

Conclusions

Nuclear energy may be entering a renaissance period of increased technological advancement and
historic deployment of new nuclear reactors precedented only by the early days of the industry.
This growth can be attributed in part to mounting concerns about the impacts of climate change
and a desire for energy security. Nuclear energy is gaining momentum in countries with established
nuclear power programs, in countries that scaled back following the Three Mile Island, Chernobyl,
or Fukushima incidents, and in countries new to nuclear power. The foreign policies of Russia and
China include nuclear energy as a lever to gain influence in countries to which they export nuclear
reactors. Conversely, the United States, historically an important part of the international market
and influential in shaping regulatory and oversight standards, has been conspicuously absent from
the global nuclear energy market. In the early days of the United States’ nuclear energy industry,
nuclear reactor exports served as a diplomatic tool to strengthen ties with other countries. Today,
nuclear energy is an afterthought in the U.S.’s foreign policy. As global demand for nuclear energy
grows, Russia and China are better positioned to meet that demand than the United States, which
risks shifting global geopolitics in favor of Russia and China. The United States has an opportunity
to capitalize on the need to mitigate climate change while improving quality of life in developing
countries and upholding the rigorous safeguards and safety standards it helped establish decades
ago. If the United States does not step up, countries such as Russia and China will fill the void and
international regulatory rigor may decline. The United States nuclear industry requires support of
the federal government via comprehensive policy and regulatory reform and financial support to be
competitive on the global stage. United States participation would reshape global balance of power
and provide countries with access to clean, reliable nuclear energy from a supplier with decades of
safe operating experience.
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Teräväinen, T., Lehtonen, M., & Martiskainen, M. (2011). Climate change, energy security, and
risk—debating nuclear new build in Finland, France and the UK. Energy Policy, 39 (6),
3434–3442. https://doi.org/10.1016/j.enpol.2011.03.041

U.S. Department of Energy. (2023a). At COP28, countries launch declaration to triple nuclear
energy capacity by 2050, recognizing the key role of nuclear energy in reaching net zero.
https://www.energy.gov/articles/cop28-countries-launch-declaration-triple-nuclear-energ
y-capacity-2050-recognizing-key

U.S. Department of Energy. (2023b). Plant Vogtle Unit 3 enters commercial operations, bringing
carbon-free nuclear energy to millions. https://www.energy.gov/articles/plant-vogtle-uni
t-3-enters-commercial-operations-bringing-carbon-free-nuclear-energy-millions

51

https://doi.org/10.1016/j.anucene.2025.111837
https://doi.org/10.1016/j.anucene.2025.111837
https://doi.org/10.1016/j.anucene.2025.111837
https://doi.org/10.4324/9780429320071-8
https://doi.org/10.4324/9780429320071-8
https://doi.org/10.3390/en17215390
https://doi.org/10.3390/en17215390
https://doi.org/10.1080/0163660X.2018.1484223
https://doi.org/10.1080/0163660X.2018.1484223
http://www-pub.iaea.org/MTCD/Publications/PDF/RDS-1-33_web.pdf
http://www-pub.iaea.org/MTCD/Publications/PDF/RDS-1-33_web.pdf
https://doi.org/10.1016/j.apenergy.2008.11.028
https://doi.org/10.1016/j.esr.2020.100491
https://doi.org/10.1016/j.esr.2020.100491
https://doi.org/10.1016/j.cles.2024.100107
https://doi.org/10.1016/j.cles.2024.100107
https://doi.org/10.1016/j.enpol.2011.03.041
https://www.energy.gov/articles/cop28-countries-launch-declaration-triple-nuclear-energy-capacity-2050-recognizing-key
https://www.energy.gov/articles/cop28-countries-launch-declaration-triple-nuclear-energy-capacity-2050-recognizing-key
https://www.energy.gov/articles/plant-vogtle-unit-3-enters-commercial-operations-bringing-carbon-free-nuclear-energy-millions
https://www.energy.gov/articles/plant-vogtle-unit-3-enters-commercial-operations-bringing-carbon-free-nuclear-energy-millions


U.S. Energy Information Administration. (2024). Electricity in the U.S. https://www.eia.gov/ener
gyexplained/electricity/electricity-in-the-us.php

World Nuclear Association. (2024). World Bank shifts policy to fund nuclear energy projects. https:
//world-nuclear.org/news-and-media/press-statements/world-bank-shifts-policy-to-fund-n
uclear-energy-projects?utm

World Nuclear Association. (2025a). Nuclear power in Japan. World Nuclear Association. https:
//www.world-nuclear.org/information-library/country-profiles/countries-g-n/japan-nucle
ar-power

World Nuclear Association. (2025b). Nuclear power in the USA. World Nuclear Association. https:
//www.world-nuclear.org/information-library/country-profiles/countries-t-z/usa-nuclear
-power

World Nuclear News. (2024). KHNP sets out plans for USD 186bn Czech nuclear project. https:
//www.world-nuclear-news.org/articles/khnp-sets-out-plans-for-usd186bn-czech-nuclear-p
roject?utm

52

https://www.eia.gov/energyexplained/electricity/electricity-in-the-us.php
https://www.eia.gov/energyexplained/electricity/electricity-in-the-us.php
https://world-nuclear.org/news-and-media/press-statements/world-bank-shifts-policy-to-fund-nuclear-energy-projects?utm
https://world-nuclear.org/news-and-media/press-statements/world-bank-shifts-policy-to-fund-nuclear-energy-projects?utm
https://world-nuclear.org/news-and-media/press-statements/world-bank-shifts-policy-to-fund-nuclear-energy-projects?utm
https://www.world-nuclear.org/information-library/country-profiles/countries-g-n/japan-nuclear-power
https://www.world-nuclear.org/information-library/country-profiles/countries-g-n/japan-nuclear-power
https://www.world-nuclear.org/information-library/country-profiles/countries-g-n/japan-nuclear-power
https://www.world-nuclear.org/information-library/country-profiles/countries-t-z/usa-nuclear-power
https://www.world-nuclear.org/information-library/country-profiles/countries-t-z/usa-nuclear-power
https://www.world-nuclear.org/information-library/country-profiles/countries-t-z/usa-nuclear-power
https://www.world-nuclear-news.org/articles/khnp-sets-out-plans-for-usd186bn-czech-nuclear-project?utm
https://www.world-nuclear-news.org/articles/khnp-sets-out-plans-for-usd186bn-czech-nuclear-project?utm
https://www.world-nuclear-news.org/articles/khnp-sets-out-plans-for-usd186bn-czech-nuclear-project?utm


Upon graduating from the University of Florida with a B.S. in Mechanical Engineering and a B.S. in
Aerospace Engineering, Eva Prendergast joined the U.S. Navy as an officer in the Naval Nuclear Propulsion
Program, where she worked to ensure the continued safety and reliability of the nuclear propulsion plants
powering the Navy’s submarine and aircraft carrier fleet, as well as the successful construction and testing
of new nuclear power plants. Her time in the Navy ignited her passion for nuclear power and its ability to
provide reliable, carbon-free energy. After completing her military service, Eva pursued a Master of Engi-
neering in Energy Systems at the University of Illinois Urbana-Champaign. Upon graduation, she accepted
a role as a manufacturing engineer at an advanced nuclear reactor technology company, where she works to
support the successful manufacturing of the next generation of nuclear power plants aimed at decarbonizing
the electrical grid.

53



54



Space Security and Policy in the Modern
Era

Matthew Herbst1*

Department of Nuclear, Plasma & Radiological Engineering, University of Illinois Urbana-Champaign,
61801, IL, Urbana, 104 South Wright Street, United States

*Corresponding Author: Matthew Herbst; mherbst3@illinois.edu

This paper provides an overview of the international laws, contradictions, and gaps of the gover-
nance of space exploration. With space exploration being a much more remote location, clarity of
laws and treaties are of the utmost importance. Focusing on the constitution of outer space regula-
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Introduction

Space Law encompasses the governance, rules, and restrictions surrounding activities conducted
in outer space and on celestial bodies. Human activity is moving beyond earth, and international
law has a need to evolve to accommodate spaceflight, human values, and manage the protection
of shared resources. These laws are designed to encompass agreements between states and have
principles regarding outer space to prevent future conflicts [UNOOSA 1967]. Much of the existing
policy regarding spaceflight was developed reactively, with these treaties providing regulations for
space travel, sovereignty, and the responsibilities of each party seeking to send objects into orbit.
There are many other fields of law which are integrated into space law, which cover the unique and
isolated areas like outer space.

During the first studies of outer space flight, the science was there, but policy was not. One scientist,
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Theodore von Kármán, stated to a lawyer “you must tell us how to behave ourselves accordingly to
law and safeguard our innocence,” describing the need for legal institutions to catch up and support
innovation [Rakić 2011]. A large number of policies were created through the Space Race to settle
disagreements. These efforts culminated in a series of five foundational treaties intended to protect
space for peaceful purposes and benefit all humankind. However, in the modern era of privatized
spaceflight, advanced military capabilities, and increasing orbital congestion, gaps in these policies
have become increasingly apparent.

These five treaties were the Outer Space Treaty of 1967, The Rescue Agreement of 1968, The Lia-
bility Convention of 1972, The Registration Convention of 1976, and the Moon Agreement of 1984
[UNODA 2025].

Background

The politics regarding the Space Race between the United States and Soviet Union have been a lurk-
ing issue from the Truman administration to the modern day. Post-World War II, the United States
developed a major scientific intelligence program, Operation Paperclip. This endeavor brought over
1,600 German scientists to America to bolster technological advances such as rocketry, medicine,
and synthetic fuels. This operation played a pivotal role in the Space Race and contributed to the
successes of the Apollo missions.

The United States was not the only country developing space travel. After World War II, the
widespread fear of nuclear weapons led people to worry that attacks could even be launched from
outer space. In the early part of the Cold War, the Russian satellite Sputnik-1 was launched as the
first artificial satellite. This directly caused the United States Congress to develop the Space Act
and the National Aeronautics and Space Administration. From these events, five treaties of inter-
national space law were put into place to “stress the notion that outer space, the activities carried
out in outer space and whatever benefits might be accrued from outer space should be devoted to
enhancing the well-being of all countries and humankind, with an emphasis on promoting interna-
tional cooperation” [UNODA 2025].

Treaties Regarding Outer Space

The first declaration of peace in space travel was the “Outer Space Treaty” of 1967, governing the
actions in outer space and on celestial bodies. This treaty was initially signed by the USA, UK,
and Soviet Union – this treaty is open to all spacefaring nations, and as of 2025, 117 countries have
signed this treaty. The Outer Space Treaty, often described as the constitution of space law, con-
sists of seventeen articles governing activities in outer space, many of which have been challenged
by the evolution of spacefaring technology. The conditions of this treaty included “the prevention
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of harmful interference with space activities and the environment”, working with a previous treatise
confirming “all space exploration will be done with good intentions and is equally open to all States
that comply with international law” [UNOOSA 1967].

The Outer Space Treaty functions as the ‘constitution’ of space law, though many terms are broad
and becoming increasingly difficult to apply to modern technology and ideals. Each article is foun-
dational to space law and the legality of actions in outer space. Table 1 lists each article and provides
a brief description.

Many of the articles are focused on the ratification and states participation in the treaty, although
the main articles that are under consideration throughout this paper are the first eleven articles.
Those articles intended to protect the sanctity in the Cold War Era Space Race which have become
outdated with the modern evolution of technology.

The rescue agreement was a proposal made stating “States shall take all possible steps to rescue and
assist astronauts in distress” [UNOOSA 1968]. In 1968, when this proposal was drafted, it was un-
likely that lawmakers anticipated how relevant it would become in modern society with the growing
likelihood of space tourism [Cates 2021]. This has been a revisited topic because of the gap in this
agreement reflecting Americas lack policy for conducting in space rescues [David 2021].

The Liability Convention of 1972 states in article II & III, “A launching State shall be absolutely
liable to pay compensation for damage caused by its space object on the surface of the earth or to
aircraft in flight. . . . liable only if the damage is due to its fault or the fault of persons for whom it is
responsible”. This convention covers the care of reckless space satellite launching and international
damage to space objects. The convention does not cover any penalties for leaving debris in space,
which is becoming an increasing concern with the push towards future space travel [UNOOSA 1971].

Building upon the previous governances, the Registration Convention set a precedent for all infor-
mation regarding space explorations must be documented and addressed issues of undocumented
objects that were launched or will be in orbit [UNOOSA 1974]. With an increase in dead satellites on
or near geostationary orbit, the litter from these satellites pose a threat to other working satellites.
This convention keeps tabs on the satellites launched by each country to keep track of every launch
and manage the possibility of mass junk and avoid hazards from space debris.

Lastly, after the moon landings occurred, the Moon Agreement was developed. This treaty was
to ensure “those bodies should be used exclusively for peaceful purposes, that their environments
should not be disrupted” [UNOOSA 1984]. There have been many countries to ratify this treaty over
the restrictions of resource use, which is becoming an increasing concern with the ideas of asteroid
mining becoming feasible for resources.
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Table 1: List and short description of Articles from Outer Space Treaty of 1967 [UNOOSA
1967].

Article Topic Condensed Description

I Freedom of Exploration Space is free for use and exploration by all
States; activities must benefit all nations.

II Non-appropriation States cannot claim sovereignty over outer space
or celestial bodies.

III International Law Space activities must follow international law
and the UN Charter.

IV Peaceful Purposes Bans nuclear weapons/WMDs in space; celestial
bodies used only for peaceful purposes.

V Astronaut Assistance Astronauts are “envoys of mankind”; States must
aid those in distress.

VI State Responsibility States are responsible for both governmental and
private space activities; must authorize and su-
pervise them.

VII Liability Launching States are internationally liable for
damage caused by their space objects.

VIII Jurisdiction States retain jurisdiction and control over ob-
jects they launch and register.

IX Harmful Contamination States must avoid harmful contamination and
consult others if interference is possible.

X Observation of
Launches

States should consider inviting other States to
observe launches for transparency.

XI Information Sharing States should inform the UN and public about
space activities “to the greatest extent feasible.”

XII Inspection Rights Installations on celestial bodies must be open to
inspection with reasonable notice.

XIII International Organiza-
tions

Treaty applies when States act through interna-
tional organizations; responsibility is shared.

XIV Ratification Outlines ratification and accession procedures.
XV Amendments States may propose amendments which require

majority approval.
XVI Withdrawal States may withdraw with a one-year notice.
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Gaps in Policy

Despite the significance of the five initial treaties supporting space exploration, they are no longer
adequate to support the technological advancements of the modern day and the realities of the
21st century. In the modern day, these need a large number of revisions and updates. From the im-
provement in technology to potentially send tourists to space to the potential of illegal weaponized
satellites, some of the older doctrines have gaps which need to be filled.

Privatized Space Travel

As of 2021, fully privatized spaceflights have occurred with companies such as SpaceX and Blue
Origin; under the Outer Space Treaty, private companies require only authorization from their re-
spective governments. From this there could be potential loopholes such as labor laws and lack of
care about safety concerns especially because it is an isolated area [Nezvold 2022].

As more prevalent space travel occurs, jobs will become needed and available in orbit. With more
privatized space travel occurring, people who go into space will be either pilots or paying passengers.
Because of the distance between an outer space workplace and the ground — with no easy way to
travel between the two — there is the possibility of a poor workplace environment being isolated
from the rest of the world. The extended distance and lack of rapid communication lead to poorly
monitoring the workplace and the enforcement of labor laws near impossible. With the flexibility
and vagueness of the rules of outer space travel, it raises the question of how much the Outer Space
Treaty of 1967 will protect workers and citizens.

Private companies can launch with “authorization” from the government and “continued supervi-
sion”, but there is no stipulation on how much supervision is occurring. In addition, this policy
mentions there shall be no detriment to space or celestial bodies but there is no specification on the
effects on earth in these policies.

Orbital Resources

Another ambiguity in the Outer Space Treaty is its failure to define what it means for space ac-
tivities to benefit all peoples. Without a clear legal definition, countries may prioritize their own
populations and national interests rather than the broader interests of humanity.

Secondly, there are debates on the distribution of the resource of space. There is only a finite amount
of orbital space around the earth, and it is currently being claimed on a first-come, first-serve ba-
sis – many by the countries which initially started the Space Race. In Figure 1, we can see that
the United States have cumulatively launched the most satellites. Secondly, there are no limits on
the number of objects that may be launched by each country, raising questions about where such
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boundaries should be drawn.

Figure 1: Annual number of objects launched into space by country up to 2023 [Mathieu 2024].

The distribution of the resource benefits of orbital space and celestial bodies needs to be allocated
rather than first-come, first-serve. In the OST, exploration and use of outer space should be used
for the benefits of all countries. Earth’s limited resource of orbital resource has been dominated by
space exploration states such as USA, Russia, and China. For launching rockets, a locational benefit
to launching geostationary satellites is launching along the equator.

The lack of discussion on the sovereignty of orbital space prompted a meeting of equatorial countries,
known as the Bogota Declaration, to further discuss the considerations of locations along the equator
as a natural resource. Orbital space in the geostationary orbital path falls above the equator. The
Bogota Declaration was a declaration from most countries along the equator to have sovereignty
of the orbital space above these countries. This was one of the few challenges to the Outer Space
Treaty by not having all space be unclaimed by any state or be governed by the “common heritage
of mankind.” This declaration claimed that the orbital space above the equatorial countries was a
natural resource, and claiming this resource as part of their sovereign territory. This declaration
was not supported by the wider international countries and was seen to violate the OST. Support
for this declaration was abandoned. This declaration was one of the first steps into addressing the
problem of geostationary orbit becoming a known limited resource and the problems with this being
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first come first serve supporting the main spacefaring countries.

In the past 20 years, there have been multiple advances to space technology, and it begins to blur
the lines of legality from the main five treaties. In 2015, there was the Commercial Space Launch
Competitiveness Act which legalized space mining and was the start of introducing legislation in
other countries to legalize extraterrestrial resources. This creates controversy regarding the legality
of using celestial bodies for profit. Such activities could breach the Moon Agreement, which states
that celestial bodies should not be disrupted and must be used exclusively for peaceful purposes.

Iridium-Cosmos Collision

In February of 2009, the American satellite Iridium 33 and Russian satellite Cosmos 2251 collided
mid-orbit above northern Asia, (Figure 2). This event was the first major collision to happened
between two full-body satellites.

Figure 2: The orbits of Iridium 33 and Cosmos 2251 at the time of the collision, as viewed
directly above the collision point (black dot). Earth and orbit imagery by Analytical Graphics Inc.

[Earl 2012].

This collision scattered several hundred, if not thousands, of pieces of debris into orbit causing a ma-
jor threat to other satellites still to this day. Satellite collisions occur in orbit at extreme velocities,
with objects weighing hundreds of kilograms colliding at approximately 26 times the speed of sound,
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or around 33,000 kilometers per hour. The resulting spread of debris from each satellite is shown in
Figure 3. There is a large threat of debris and multiple maneuvers of the National Aeronautics and
Space Administration NASA satellites to avoid debris from this incident [NASA, 2019].

Figure 3: Debris orbital paths post collision of Iridium 33 (left) and Cosmos 2251 (right) Earth
and orbit imagery by Analytical Graphics Inc. [Earl 2012].

Each of the satellites needed to be accounted for through the liability on responsibility of each
of the countries. Through the registration convention, all satellites are registered in orbit to avoid
collisions. There have been multiple, intentional-collision tests conducted for antisatellite missions
and multiple high-speed collisions with particles of debris. This has been the only unintentional full-
scale satellite collision to modern day. To avoid future collisions, satellite maneuvering has become
common. For example, a near-collision occurred between an ESA satellite and a Starlink satellite,
requiring ESA to adjust its orbit to prevent impact [Foust, 2019]. There have been many studies
calculating risk and probability of satellite collision, one article provides and example of this with
the Starlink satellite as the model [Tao, 2022].

Militarization of Space

Militarization of space is currently in the form of informational satellites. Numerous military satel-
lites support intelligence, communication, and early warning systems; these assets would likely be
primary targets for antisatellite weaponry. With the development of antisatellite weapons (ASAT) in
the US space force, the blurry line for outer space being a free space is constantly being challenged.
The Outer Space Treaty permits military observation in space, but does not allow any weaponry
deemed a weapon of mass destruction.
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Artemis Accords

Modern policy updates have been in the form of The Artemis Accords. In 2020, the accords were
proposed by the United States National Aeronautics and Space Administration (NASA), to other
states to set principles for space exploration, including but not limited to, transparency, resource ex-
traction, and “safety zones”. This presents itself as an operational version of the Outer Space Treaty
regarding civil exploration of the moon, Mars, and other celestial objects. The primary provision
this treaty upheld was consistency with Article XI, emphasizing transparency and the sharing of
scientific information. It also specifies registration responsibilities, expanding upon the framework
established by the Registration Convention.

This treaty seems good in practice but was criticized for being “too centered on American and
commercial interests”[Boley 2020]. It was also condemned by Russia, the main contender of space
exploration, for creating an international law that favors the US. This complaint ties into the major
five treaties of outer space and celestial bodies are for the good of the world. Critics also complain
that this treaty distinctly states that there is claim to resources extracted from celestial objects,
contradicting the Outer Space Treaty forbidding the claim of a natural planetary body.

Several gaps and grey areas exist in current space policy coverage. For many states, this is allows
loopholes to exploit the five overarching policies which govern outer space and celestial bodies. Po-
tential methods of remedying these flaws would be to have collective meetings of countries focused
on space travel to rewrite and update these policies. Now that most of these countries are focusing
on space travel, updating defense budgets for orbital defense measures has been a major concern
amongst countries at tension and increasing these tensions.

Policy Reform

With the need for policy reformation from a time when space exploration was far less advanced
and space activity was mainly government focused, there needs to be active change in the policy to
update for the modern times. Today, commercial actors, private companies, pedestrian passengers,
and national security all play a large role. Many of the previously written doctrines contain gaps,
ambiguities, and outdated assumptions regarding the innovations to space exploration. Private cor-
porations are the main sources of space exploration, launching thousands of rockets and satellites
annually and have the ability to fly with commercial passengers. With the initial laws supporting
the space travel from the state side, they are no longer adequate for privatized travel.

One of the many critical areas for policy revision is in environmental protection. This area was over-
looked in the initial treaties, only referring to it as harmful contamination for the context of celestial
bodies and not of the earth itself. With a large number of launches happening, there is the concern
of the environmental impacts from emission, debris, and atmospheric pollution. Modern policy must
address all forms of environmental impact. While regulations exist for activities on Earth, policies
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remain unclear for operations between orbit and Earth. Working to make standards for rockets,
SpaceX has been developing reusable rockets and liquid oxygen oxidizers which reduce much of the
damaging impacts from ammonia based fuels and discarding rockets into the ocean. Developing pol-
icy to standardize these methods would be the next step in constructing an environmental standard.

Supervision of privatized companies under the Outer Space Treaty only mention baseline require-
ments such as authorization and supervision. There is no definition of the supervision which is the
main focus for reform. Providing adequate details to what supervision entails would have private
companies either be a separate entity or tie in with government agencies like NASA. Private com-
panies still have many laws they need to follow such as Occupational Safety and Health Act, and
Fair Labor Standards Act, but these are not specialized for space exploration, and it would be good
to further expand this topic before loopholes in government policy are exploited by space faring
companies. Furthermore, clear, internationally agreed-upon guidelines are needed to ensure that
commercial spaceflight is conducted safely and ethically.

Security concerns referring to the increasing rate of Anti-satellite weapons and space militarization
are another point for reformation of space law. There has been the banning of nuclear weapons in
space by the Outer Space Treaty, and Partial Test Ban Treaty, these do not cover the threats to a
private traveler’s safety or any manmade satellite. From ASAT tests, the product left long lasting or-
bital hazards. Updating regulations for ASAT devices and other potential forms of weaponry would
promote a peaceful area and disincentivize orbital weapons. With the sovereignty of outer space
being joint between all states, there should be regulations against any sort of interspace conflict.

Given these challenges, the United Nations Office for Outer Space Affairs (UNOOSA) will likely
need to coordinate a comprehensive review or rewriting of the primary treaties. A reconstruction
process of these treaties will need to be established rather than proceeding with an amendment
process. There are many realities in the 21st century that need to be accounted for to maintain
the original spirit of using outer space as a domain. Establishing clearer regulatory frameworks,
environmental protections, and equitable access mechanisms will be essential to ensuring that space
remains safe, sustainable, and accessible for future generations.

In summary, the main concerns of the Outer Space Treaty for modern day space exploration are in
articles I, II, IV, VI, and VII - freedom of exploration and use (I), Non-appropriation (II), Peaceful
purposes (IV), Responsibility (VI), and Liability (VII). Many of the reasons for each of the concerns
were condensed in Table 2.

In Article I, the main focus is intentionally broad to promote innovation and development, but this
creates some disparity in definition of ‘use’. The article never defines use as a topic which leaves
states to interpret ‘use’ in a variety of manners. Without clearer definitions, disputes over resources
could potentially lead to conflicts over entitlement issues between countries. Any modern gover-
nance update must specify what kinds of uses are permitted and what regulatory or benefit-sharing
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mechanisms apply.

Article II is the prohibition of any state claiming sovereignty over any part of space. This was
intended to prevent territorial annexation like colonial-land grabs. States have argued that non-
appropriation do not allow claim of sovereign territory but does not necessarily ban the extraction
and ownership of resources taken from celestial bodies. This was contested through the Bogota
Declaration, in which equatorial countries claimed geostationary orbit as a resource; however, the
declaration was rejected for contradicting the prohibition on sovereignty claims in outer space. Mod-
ern framework needs to cover if a resource is allowed to be claimed from celestial bodies given the
implications of modern technology to drill resources from asteroids.

Article IV covers nuclear weapons and other weapons of mass destruction into space, as well as
summarizing peaceful purpose of outer space. This was mainly aimed at prohibiting all forms of
nuclear technology in space to prevent competition. This forbids some forms of weaponry but does
not ban conventional weapons. States have interpreted “peaceful” as meaning “non-aggressive”, but
allow military satellites for reconnaissance, communications, and navigation. The article needs to be
solidified to create a uniform interpretation of the article to account for the technology of military
intelligence satellites in orbit. Testing of ASATs need to be addressed through a revision of the
Outer Space Treaty, especially debris-generating tests which are greatly harmful to all satellites in
orbit.

The responsibility article, VI, makes States internationally responsible for national activities in outer
space, whether carried out by governmental or non-governmental entities. Article VI includes autho-
rizing and supervising non-government activities. Now that a majority of space travel has become
privatized, there is an increasing problem of the lack of definition behind the word ‘supervision’. A
key component of reform should be to clarify where states must impose detailed restrictions, such
as minimum standards, on private companies, thereby reducing future legal grey areas. In the near
future, when more pedestrians have access to space travel, there is a legal safety net to prevent
tourists from becoming a part of this grey area.

Lastly, in Article VII, it establishes that States are internationally liable for damage caused by their
space objects. With a mass of floating debris with few available ways to clean it up, there is little
to no way to determine the cause of debris, leading to no one able to take responsibility for damage
to other satellites. Having regulations to avoid debris is a good step in other articles, where there
needs to be methods to more accurately determine sources of damage as well as consideration of
insurance. Debris-remediation programs, reducing the concentration of debris would be a great start
to reducing the number of potential claims as well.
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Table 2: Table of Outer Space Treaty (OST) principles and the overall gaps between OST and modern era.

OST Principle (1967) Intended Purpose at
Time of Drafting

Modern Interpreta-
tion

Current Challenges / Gaps

Non-appropriation of
outer space (Article II)

Prevent territorial
claims, avoid Cold
War land grabs on
the Moon/planets.

States cannot claim
land in space, but
can engage in explo-
ration and “use.”

Space mining laws rein-
terpret “use” as property
ownership. No clarity on
resource rights or bound-
aries.

Use of space for peaceful
purposes (Article IV)

Prevent nuclear
weapons or military
bases in space.

Military satellites al-
lowed, only WMD
explicitly banned.

ASAT tests, jamming, cy-
berattacks, and dual-use
satellites blur lines. No
ban on rocket propulsion
weapons.

Freedom of exploration
and use for all states
(Article I)

Ensure equal access
for all nations re-
gardless of techno-
logical capability.

Any nation can
launch satellites
and explore celestial
bodies.

Massive inequality: U.S.,
China, and Russia domi-
nate orbital slots. Develop-
ing countries have little ac-
cess to orbital territory.

Avoid harmful contami-
nation (Articles IX)

Prevent biological
contamination of
planets and Earth
return. Primarily
scientific concern.

Interpreted broadly
to mean environmen-
tal protection and
debris mitigation.

Treaty never envisioned
mass rocket pollution
from launches, large debris
fields. No enforceable
debris rules.

Authorization & contin-
uing supervision of non-
state actors (Article VI)

Governments re-
sponsible for private
companies’ actions
in space.

Companies need
launch authoriza-
tion and minimal
oversight.

No global standard for
supervision. Loopholes for
safety, labor rights, and en-
vironmental impacts.

International responsi-
bility and liability (Ar-
ticles VI–VII)

Assign responsibility
if a state’s satellite
causes damage.

States are liable even
for private launches.

Debris collisions (Iridium–
Cosmos) and anonymous
debris sources complicate
causality. Mild to no penal-
ties for creating debris.

Cooperation and mu-
tual assistance (Article
IX)

Encourage states to
consult each other
when activities may
cause interference.

“Consultation” is of-
ten symbolic or ig-
nored.

No enforcement mecha-
nism: ASAT tests happen
without meaningful inter-
national dialogue.

Space as the “province
of all mankind” (Article
I)

Ensure collective
benefit and prohibit
exclusive claims.

Often used as a sym-
bolic principle, open
to interpretation.

First-come-first-served or-
bit allocation and resource
extraction undermine equi-
table access for developing
states.
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Conclusions

Over the years since the Space Race to the modern day, there have been active measures to protect
and govern outer space and celestial bodies. In modern times, some of these preventive measures
are being challenged, leading to some grey areas and loopholes being exploited. The changes in the
interpretation of the OST is mainly the result of emerging advanced technology, and the governing
agreements being made without knowing how much technology would advance in 50 years.

There are many ways to prevent potential conflicts in policy, including meeting and being proac-
tive with other countries to develop updates for these laws. The laws governing space are being
challenged, and there is the potential to work together for changes. Otherwise, the grey areas of
outer space policies will cause conflict. Continued international engagement and responsible state
behavior are therefore essential to uphold the treaty’s purpose and ensure sustainable use of the
space environment.
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Taiwan has become a tense flashpoint between the relationship between the United States and
China. One such factor that has led to the importance of this geopolitical flashpoint is the rela-
tionship between China and the United States’ technology sectors of their respective economies.
This paper is meant to explore the development of each nation’s technological sector, and how said
development has led to the current tension in Taiwan, as each nation competes for one of the most
valuable resources of the 21st century.
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Introduction

Thucydides’ trap is being sprung in the South China Sea. As was said in the 19th century, “Bri-
tannia rules the waves”. However, the story of the 20th and early 21st century was “America rules
the waves”. Since the ending of World War II, and especially after the decline and collapse of the
Soviet Union, the world hegemon has been set on the shoulders of the United States. World finance,
trade, and power has run through either New York City or Washington D.C. for the last 75 years,
if not longer. However, throughout the past decade there has been a reshuffling of the world order,
as nations that once were incomparable in power to the United States are rapidly catching up. The
most obvious nation that fits this category would be the People’s Republic of China. Beginning
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with Mao Zedong’s rise to power in 1949, and extending throughout the decline of Maoism and
the rise of “Socialism with Chinese Characteristics” in the new millennium, China’s economy and
military power has been nearly eye-to-eye with the United States. China’s GDP only follows the
United States’ by 6 trillion dollars, while its military manpower by sheer numbers almost doubles
the United States (World Bank Open Data, World Population Review). Thucydides’ Trap, coined
by American professor Graham T. Allison, refers to a power struggle where an established power
feels threatened by a new emerging power, which makes war between the two powers much more
likely. He reasoned that this power structure will make America and China eventually come into
a conflict in the Pacific (Allison). However a future conflict between the Americans and Chinese
may play out is up for debate and impossible to predict. However, given recent tension and political
maneuvering around the island nation of Taiwan, one can use interesting historical analysis and the
economic context of the island nation of Taiwan to gain insight on why Taiwan is so important to
both nations, outside of the political implications. Simply put, both the Americans and Chinese
rely much on their technological economies for their respective power structures, and both desire
Taiwan’s output of technological necessities to keep those economies running.

Taiwanese Tech

Since the conclusion of the Chinese Civil War, the island of Taiwan has given a home to the Re-
public of China, a government that consists of Chinese Nationalists that were forced off the Chinese
mainland by the Chinese Communist Party. For much of the Cold War, the island was subject to
much pressure by the Chinese Communist Party, with Mao Zedong threatening to invade the island
on multiple occasions, with the United States’ “Containment Policy” of Communism being the only
thing stopping him. The island always lived under threat of a Chinese invasion for the entirety of the
Cold War, but the death of Mao did put the tensions to a bit of a rest. However, Taiwan went through
a period of rapid industrial growth throughout the 1980s and 1990s dubbed the “Taiwanese Miracle”.

Joining the “Asian Tigers” of Hong Kong, South Korea, and Singapore the Taiwanese economy be-
came a major player on the global stage. Taiwan specifically focused on technological innovation,
slowly molding itself into a sort of “Silicon Valley” nested off the coast of Mainland Asia. Com-
panies from across the planet began to move production to Taiwan, and they held a solid base in
international markets. The Gross National Product of Taiwan soared, moving from the same level
of most sub-saharan African nations in the 1950s to rivaling those of Western European nations
and Japan by the 2010s. Currently, Taiwan fits into the global market as a foundation of the global
tech market. 92% of the world’s leading computer chip manufacturing takes place on the island of
Taiwan, with many other major motherboard and laptop manufacturing joining that (Fried, 2021).
Therefore, it is obvious how this island is of major importance to anybody who seeks to dominate
the world technology economy. Both the United States and its powerful Silicon Valley market, as
well as the CCP’s massive investment in state-owned enterprises that focus on technology shows
just how much these nations care about the technology market. However, it is important to discuss
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how these two nations got to the point where they are facing off over an island.

Chinese Tech Market: From Mao to Xi

The Chinese tech market has followed much of the rest of the nation throughout its history follow-
ing the victory of the Communists in the Chinese Civil War. Immediately following the Communist
victory, Mao attempted to rebuild the Chinese economy on the Soviet model, following what Stalin
did in the USSR in the 20s and 30s. This meant bureaucracies led by party ideologues and highly
centralized planning. This continued for most of the Great Leap Forward, as the nation rapidly in-
dustrialized, moving on from its mostly agrarian society to one focused on industry. However, much
of the technological innovation that would have been possible in a rapid period of industrialization
was hampered by the Cultural Revolution. The issue was that in Maoist ideology, many intellectuals
and innovators that could have led this period of technological innovation were seen as “bourgeois”
elements of capitalist decadence. Therefore, many intellectuals were either severely repressed or sent
to work the fields in rural areas, leading to little technological progress. Universities turned into Red
Guard breeding grounds as the nation was locked in ideological turmoil until the death of Mao in
1976.

When Deng Xiaoping took control after Mao’s death, he implemented the Four Modernizations,
which were certain goals that were meant to bring China out of the stagnation it faced during the
height of the Cultural Revolution. One of those Four Modernizations was science and technology.
This came along with a general decentralizing of the Soviet-style centralized economic system in the
1970s and 80s known as the Chinese Economic Reform. Rather than being specifically controlled by
the Chinese Communist Party, certain industries (such as science and technology) began to come
under the control of state-owned enterprises, which acted as corporations similar to ones seen in
capitalist western nations (although, always under supervision of the CCP). In 1995, the State
Council of the People’s Republic of China issued the “Decision on Accelerating S&T Development”,
which outlined their plans for this sector of the Chinese economy. In this statement, the Chinese
Government outlined its desire to increase the size of the technological sector of China’s economy,
grow the amount of Chinese workers in this sector of the economy, as well as dedicating funds of
the Chinese government to achieve these results (US Embassy - China, 1996). This had been the
case for the Chinese economy for much of the 1990s and 2000s, with the 2010s seeing a massive rise
in spending in research and development, with Chinese spending in this sector rapidly approaching
the American standard (Yau, 2021). However, much of this rapid success has been taken hold of by
the Chinese Communist Party, especially with the rise of Xi Jinping and “Han Nationalism”.

Xi Jinping, as undisputed leader of China, has brought China on a new path. Rather than focusing
on a traditional Marxist-Leninist ideology like Mao, or bringing China into the modern world like
Deng Xiaoping, Xi has turned China into a very nationalistic state. This phenomena is known as
Han nationalism, which has dominated much of China’s foreign policy decisions, from the Belt-
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and-Road Initiative to its actions in Tibet. A perfect example of this type of nationalism is seen in
the Chinese media’s rhetoric on the COVID pandemic, which emphasizes the “western decadence”
which led to an unorganized response in places like Italy and the United States, while the Chinese
government fostered a collective, immediate response to the pandemic (The Economist, 2022). How-
ever, much of this nationalism is beginning to become extended to the world of economics, as this
“Han Nationalism” is actually extended to something called “Techno-Nationalism”, which brings this
sentiment to the Chinese tech market.

Breakdown of co-dependence

Since Nixon’s visit with Mao in the early 1970s, the Chinese and American economies have been
very much tied at the hip. However, since these two nations are beginning to rub up against each
other’s strategic plans, they are beginning to decouple. China has seen the writing on the wall, and
has realized that it is in their best interest to become technologically self-sufficient. Therefore, what
“techno-nationalism” is in a realistic sense is the Chinese government’s mercantilist policies to realize
this. This is seen in many Chinese foreign policy decisions such as the questionably legal transfer
of technology and intellectual property from foreign companies operating in China (Bilgan & Loh,
2021). This is designed to bolster China’s ability to sustain its own technological progress without
the influence of its strategic opponents. Noted by Alan Wolff, “What Beijing has decided to do is
to move China from an imitation to an innovative stage of production. . . from “Made in China” to
‘Made by China’ ” (Wolff, 2007). This, of course, naturally brings them at not only strategic odds
with the West, but ideological odds, as this type of nationalist, mercantilist thinking brings them
at odds with the West’s neoliberalism. The West values free markets over all, and this ideologi-
cal conflict is already bearing fruit. Nowhere else is this most seen in the U.S. President Donald
Trump’s “trade war” with China, as he himself cited China’s mercantilist policies with China for his
actions (Bilgin & Loh 2021). This “tough on China” attitude by U.S. leadership spans both parties,
as President Joe Biden has continued this rhetoric. Therefore, this nationalist fervor to become
technologically reliant on themselves by China has naturally brought the United States closer to
an enemy as a friend. This being said, this would not be possible without the development of the
American tech sector’s mindset.

The American Tech Market: From Military Tech to the budding of
“Silicon Valley”

After the Second World War, the United States was unrivaled in its potential for technological and
economic growth. Most of its logical rivals (the traditional powers of Europe, the USSR, and China)
were reeling from the effects of the war, and since the U.S. homeland was only marginally physically
affected by the war, they were in the best position to fill the void. There was also a logical need to
technologically advance, as tensions with the Soviet Union would drive the need to always be one
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step ahead of the Communists. This led to a massive boom in technological innovation, much of it
being first concocted as military technology (Friedberg, 1996). It must be remembered that things
like the modern computer, jet engines, and many other “modern” inventions were first derived to
be used in a military sense around this time. Nowhere else is this most seen in the United States’
use of Nazi scientists such as Werner von Braun in the Space Race, as well as the development of
one of the first computers, ENIAC. ENIAC was first designed to assist artillery firing calculations
during the Second World War, as well as the feasibility of the thermonuclear bomb in the Cold War
(Computer History Museum). However, this only set the stage for the development of the modern
American tech market in California.

Coming from humble beginnings as a site for United States Navy radio research, the Santa Clara val-
ley in California would grow into the center of the American technological world. The geographical
proximity to U.S. military research facilities, as well as the prestigious Stanford University naturally
made the times’ best innovators flock to this area. This included men like William Shockley, the
father of the modern transistor, as well as other inventors of computer technology. Given that many
of these innovations were using the element Silicon, this gave the valley its nickname. Following
its military legacy, the Pentagon set up one of four original nodes that consisted of ARPANET at
Stanford, which would go on to become the basis of the modern Internet (Leyden, 2019). With this
foundation as an area of massive technological innovation being solidified in the 1960s and 70s, the
American tech market became centered in California.

Given the incredible value that this new technology had, and the potential it had (and would end up
fulfilling) to change the world, people looking to make incredible amounts of money flocked to the
area. This would bring the emergence of “venture capitalists”, or people looking to help fund start-
ups that could potentially pay off big time. Many future titans of industry such as Apple’s Steve
Jobs began their companies in this environment (Elgan, 2011). Given this perfect mix of hobbyists
looking to change the world, military technology being advanced with the Cold War, and plenty
of rich people looking to become wealthy off of innovation, the American tech economy began to
experience explosive growth in the 1980s and 1990s. Prior to the dot.com crash of the Early 2000s,
the American tech market was growing at a rate that can only be compared to the dawn of the
automobile in the early 20th century, or the railroad in the 19th century. Given the collapse of the
Soviet Union around this time, there was nobody on Earth who could come close to the domination
that American companies such as Apple, IBM, Google, or Microsoft had. Even to the modern day,
the “Big Five” (Google, Amazon, Meta, Microsoft, and Apple) have a total valuation of over $3
trillion, putting their valuation above the GDP of the United Kingdom (Sen, 2017). This would be
the case for decades, but only until recently.

There should be an asterisk when understanding the modern U.S.-China economic rivalry. It should
always be remembered that technically these two nations’ economies are incredibly intertwined,
nearly to the point where they cannot exist without the other. However, given Chinese mercan-
tilism and American tariffs, this may not be the case forever. This position, however, is not just
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in reaction to Chinese actions. The Americans have shown a discrete interest in slowing Chinese
technological growth. Returning to the American “trade war”, President Donald Trump issued strict
limits to Chinese investment in American tech companies, as well as tariffs worth $50 billion in 2018
(Mishra, 2023). These tariffs specifically targeted Chinese imports that were a part of the “Made in
China 2025” initiative, showing a discrete interest in keeping China from overtaking the American
market (McBride & Chatzky, 2019). Therefore, when understanding how both markets came to be
on this collision course with one another, one can understand how Taiwan finds itself between a
rock and a hard place.

The Dragon and the Eagle

It is here, in the context of the established technological leader of the world being challenged by
explosive and aggressive growth of a rival, which makes the American and Chinese rivalry so po-
tentially dangerous. Whether it be the Greek Philosopher’s given example of Athens and Sparta,
the Roman example of Rome and Carthage, or Britain and Germany in the prelude to World War
I, an established rival having its hegemony challenged more often than not is a pretext to a major
conflict. However, in the context of the United States and China, the path to this conflict, if it were
to ever take place, would likely be sparked by the intersection between Taiwan and its tech market.
However, even the nations’ two competing tech markets have to be understood under the broader
context of Chinese-American politics.

China and the United States have gone through eras of being outright opponents to being neutral
trading partners. Since the Chinese Communist Party took over in 1949, the nation was put under
the same blanket as the Soviet Union and the rest of the “Iron Curtain”. They were simply another
communist nation that needed to be contained. However, there was a key development that made
the Chinese become much warmer to the Americans, and that was the Sino-Soviet split. This was
an ideological dispute that arose between Mao Zedong and the Soviet Union after the death of Josef
Stalin. Simply put, Mao had felt that after the death of Stalin, the Soviet Union had been straying
from the original goals of establishing Communism, and this led to the USSR and China becoming
hostile to one another (Royal Air Force Museum). This came to the point where China saw the
United States as less of a threat than the Soviet Union. Therefore, after negotiations between China
and the United States, President Richard Nixon visited the country in 1972 to open up trade be-
tween China and the United States. This led to a period where China and the United States became
dependent on each other.

Throughout the 1980s and 1990s, China provided the Americans with mountains of cheap goods,
while America allowed Deng Xiaoping’s export-led economic ideology to thrive. This would morph
into a deeper relationship, as China would buy hordes of US Treasury Bonds, giving the US Dollar
the foundation it needed to keep its budget deficits reliable (Roach, 2015). This codependency would
exist throughout the beginning of the 21st century, but the internal politics of the United States

76



began to shift.

Populism began to rise in the United States after the 2008 housing crisis, and after a few failed
movements like the Tea Party and the Occupy Wall Street movements, someone finally was able
to take it by the horns. That man was famous businessman Donald Trump, and his economically
populist rhetoric won him the presidency in 2016. A sticking campaign talking point in the Trump
campaign was how China was “beating” America by bad trade deals. This rhetoric continued into
his presidency, arguably leading to the aforementioned “trade war”, as by manipulating its own cur-
rency (Imbert, 2019). This was the catalyst, from the American perspective, that led to the trade
war, and much of that trade war was done in the technology sector. However, this war of economics
has the potential to become a war of missiles and bombs.

Sabre-rattling in the South China Sea

Taiwan finds itself in a perfect scenario to be the powder-keg that ignites a major conflict. Not only
do they serve as a complete antithesis to China’s self-image as being the only government that is
recognized as “China”, but they could be a massive resource to China’s tech market, as they serve
as the world reservoir for computer chips. Especially in the modern context of the world computer
chip shortage, these highly valuable resources are becoming more and more scarce (J.P. Morgan
Research). China sees Taiwan as being an illegitimate mockery of its communist rule, as they house
the losing side of the Chinese Civil War. China, for a long time, has attempted to encroach on the
island of Taiwan, by both interfering in the island’s politics, as well as publicly shaming those who
recognize the small nation. However, both China and the United States rely on Taiwan to supply
crucial chips to their technology sectors, and if China were to outright invade the island, the United
States would defend them militarily. The United States has already pledged to defend the island in
the event of an attack, and has shown to be strengthening diplomatic ties due to recent visits by
American political officials such as Nancy Pelosi, the Speaker of the House. China has also shown
to not be backing down from military action in the South China Sea, as military drills and exercises
are becoming more and more common. This includes things like planes crossing into Taiwanese
airspace, and ship and troop maneuvers on the Chinese mainland closest to Taiwan (Wu, 2023).
Therefore, due to rising tensions, as well as economic and political context previously discussed, a
major conflict emerging from the South China Sea may be imminent.

Conclusion

In the modern world, technology is king. All things run through the internet, or on devices. Whether
it be military technology, computers for trading money and materials, or technology we put in our
cars and household appliances, everything has computer chips in it. However, such a commodity
is an extremely strong source of national pride. If a nation can provide its citizens and companies
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with its own homemade computers, they not only can become very powerful due to their production
increasing, but can also not rely as much on the outside world. This is the case with China, as they
are attempting to become self-reliant on computer technology. However, China’s explosive growth
in this sector has angered the traditional tech center of the world, the United States. They want to
keep China as a customer, as well as make sure they never become too big for the United States
to handle. Therefore, the two are becoming natural enemies. However, the island of Taiwan serves
as a crucial ally for both China and the United States, as not only does it serve as an important
geographical and political point for both nations, the computer chips in Taiwan can keep both the
Chinese and American tech markets thriving for decades. Therefore, this is how the island of Taiwan
finds itself as the potential battleground for the world’s next major conflict.

Not all instances of “Thucydides Trap” have led to major conflicts. For example, the “Cold War”
between the United States and the Soviet Union was a decent example of this phenomena, and there
were only minor proxy wars and political tensions that ended when one side collapsed. However, it
can be argued that we see a similar state of “Cold War” between the Chinese and the Americans.
Only time will tell if it will ever go “hot”.
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Nuclear energy accounts for nine percent of the United States’ total electrical energy generation
and is increasing as governments and companies progress toward decreasing the use of fossil fuel
energy sources. As with any energy source, the acquisition of fuel, the economy of producing energy,
and the resulting waste products are all points of concern for national security. A comprehensive
analysis of the acquisition, economy, and safety of nuclear energy was performed to understand
the role nuclear energy in the national security interests of the United States. Several sources were
consulted for this study, including the World Nuclear Association, the U.S. Departments of Energy,
the U.S. Nuclear Regulatory Commission, and various academic resources to name a few. The result
of this study was a consolidation of information on uranium fuel cycles, the economics of uranium
resource trading, and the use of alternative fuels other than uranium-235 nuclides. It was concluded
that the concerns of national security for nuclear energy were considerable, but manageable with
the current fields of research and development.

Keywords: Nuclear energy, nuclear fuel supply chain, energy security, national security, uranium
fuel cycle

1. Introduction

Electrical energy is one of the most important resources for a sovereign nation. A country’s govern-
ment and citizens require electricity for a functioning modern society. Water, food, and shelter all
require electricity to be effective. Fuel resources for electrical energy generation have impacts on a
country’s economy, security, and the life of its citizens (U.S. Department of Energy, 2025). Ensuring
that the United States is not fully reliant on another country for fuel is in the best interest of the
government. If another country were to have full control over the United Sates fuel supply, that
country could extort the U.S. and its people by having control over the economy and public health.
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According to the U.S. Energy Information Administration (EIA, 2024a), 74% of the total energy
consumed was through petroleum and natural gas, and only nine percent was nuclear energy as of
2023. Also in 2023, the EIA concluded that the U.S. was a net exporter of petroleum resources with
1.64 million barrels-per-day exported (U.S. Energy Information Agency, 2024b). Canada, a close ally
with the U.S., was the largest source of imports of petroleum to the U.S. – at 3.62 million barrels-
per-day. Nuclear fission mainly uses uranium compounds as a source of fuel. The U.S. imported 32
million pounds of triuranium octoxide (U3O8) which was 99% of the supply in 2023 according to
the EIA (Johnson, 2025). Canada, Australia, Russia, Kazakhstan, and Uzbekistan were the primary
sources of the imported compound.

Nuclear energy can be split into two major categories, fission and fusion. Fusion energy is the process
of combing two isotopes of light elements such as hydrogen, helium, and lithium to form heavier
elements. Fusion energy is not yet a reliable source of energy, and is still a field of active research to
produce net positive energy. As such, fusion is beyond the scope of this study. Nuclear fission, on the
other hand, has been utilized as a source of electrical energy generation since the early 1950’s and
continues to increase in importance as countries and corporations tend toward decreasing carbon-
dioxide emissions. Fission works by colliding a neutron with uranium, an element with 92 protons.
The fission reaction produces heat which is transferred to a coolant. That coolant, most often water,
either directly turns a turbine or is used in a heat exchanger to heat more water which then turns a
turbine. The fission also produces additional neutrons that collide with other surrounding uranium
to create a self-sustaining chain reaction. This process is the basis for most nuclear reactors and will
be the focus of this study.

Uranium-235 (U-235) is the isotope of uranium most used in commercial nuclear fission. U-235 is
considered fissile, meaning that it readily undergoes fission, but makes up 0.7% of natural uranium
(World Nuclear Association, 2025a). U-238 makes up the remainder of the natural uranium supply
and is not fissile under the same conditions as U-235. Natural uranium is mined from deposits that
can occur at various depths underground. The depth of the deposit determines the technique used
for extracting the uranium. The U3O8 imported into the U.S. is the result of mining and milling
of a natural uranium deposit. This uranium oxide compound is enriched until it reaches a uranium
dioxide (UO2) compound that is between 3.5 and 5% U-235. This uranium dioxide is fuel-grade ura-
nium and is sufficient for commercial energy production. Uranium dioxide enriched to greater than
90% U-235 is considered weapons-grade uranium and the regulation of weapons-grade uranium is
called non-proliferation. Depleted uranium is the remaining uranium dioxide that is less than 0.7%
U-235.

Decades of research into nuclear fuels have revealed that U-235 is not the only viable fuel source. To
fully understand how different fuels can be used, it is important to understand neutron temperature.
Neutron temperature refers to categories that neutrons can be placed into depending on the kinetic
energy of the neutron. U-235 is fissile with thermal neutrons at 20℃ which have a kinetic energy of
about 0.025 electron-volts (eV) according to Oregon State University (2004). Two other important
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categories for nuclear fission are fast neutrons at about 10-20 MeV and slow neutrons between 0.01
and 0.1 mega-electron-volts. Fast neutrons can be used in place of thermal neutrons and can be
used to fission U-238. This type of fission increases the fuel efficiency of uranium because it can use
depleted uranium supplies. Thorium, specifically thorium-232 (Th-232) is another alternative fuel
that can be used in place of U-235.

This paper will focus on the study of nuclear fission and how the fuel cycle, primarily comprised of
U-235, is important to the overall security of the United States government and its people. The life
cycle of nuclear fuel begins with mining, then enrichment, usage, and finally waste removal. The
specifics of these stages depend on the exact element and isotope used. The life cycle of U-235 will
be explored followed by comparisons to alternative fuels such as U-238 and Th-232.

2. Mining and Milling

Uranium, like coal, is a solid mineral that must be mined. The method used for mining uranium
usually depends on the depth that the uranium ore deposit is found at (Li and Yao, 2024). Ore
deposits near the surface are mined using open-pit mining. Deposits deeper than the threshold
for open-pit mining use an underground mining technique. The final extraction technique, in situ
leaching (ISL) can be used depending on the depth and type of rock that contains the ore (Li and
Yao, 2024). ISL also has various sub-methods that can be leveraged depending on the situation
including: acid leaching, alkaline leaching, neutral leaching, and bioleaching.

2.1. Open-pit and Underground Mining

Open-pit mining is utilized for ore deposits that are relatively shallow. The exact depth that allows
for open-pit mining depends on the rock and geology. In open-pit mining, the top soil and overburden
layers above the ore are removed such that the ore is exposed to the surface and can be removed
directly (Li and Yao, 2024). Underground mining, on the other hand, is for deeper deposits where
removing layers would not be possible or economical. During underground mining, miners descend
to various levels with tunnels exposed to ore deposits (Li and Yao, 2024). The ore deposits are then
extracted and brought to the surface for processing.

2.2. In Situ Leaching

In situ leaching is the process of injecting a uranium ore deposit with a leaching solution and ex-
tracting the solution for further processing (Li and Yao, 2024). The leachate solution and uranium
ore solution are fluids that have properties more like petroleum and natural gas. As such, the ex-
traction techniques for the uranium solution are like other fluids. This also means that ISL has
the same problems as other fluid extractions including groundwater pollution and leaking. Despite
these concerns, Li and Yao (2024) claimed that ISL is more sustainable and economical when it can
be used in place of open-pit and underground mining. Mudd and Diesendorf (2007) claimed that
no matter what the technique, as more uranium is discovered and mining techniques improve, the
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economics will improve. Fig. 1 from the U.S. Nuclear Regulatory Commission portrays a cartoon
example of a simple in situ leaching process with a short description.

Figure 1: An example of in situ leaching with a blue injection well and an orange recovery well.a

aInformation Digest, 2013–2014 (NUREG-1350, Volume 25) Section 4, Nuclear Materials http://www.nrc.gov/re

ading-rm/doc-collections/nuregs/staff/sr1350/

There are four major types of ISL that are used depending on the composition of the material that
the uranium ore is located. Acid leaching uses primarily strong acids that dissolve the uranium ore
and can be very effective, especially for uranium that is readily oxidized. However, acid leaching is
not useful when the deposit has carbonate content greater than 8% (Li and Yao, 2024). Alkaline
leaching is used when the carbonate content is greater than 8% and there is a relatively small
concentration of pyrite. Alkaline leaching is also less corrosive and has less impurities, but comes at
the cost of greater energy requirements. Neutral leaching maintains a pH between about 7 and 8 and
leverages the formation of uranyl ions for less environmental impact compared to the previous two
techniques. Finally, bioleaching is considered more sustainable and economical than the previous
techniques, but is used when there is relatively large pyrite and sulfide content in the deposit (Li
and Yao, 2024). Open-pit and underground mining and ISL are the methods of retrieving unrefined
uranium from ore deposits underground. Once the ore is extracted it needs to be extracted from
the ore rock or solution before it can be refined into a useful fuel source.
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2.3. Milling

Milling is the process of separating the ore from the rock that was mined with the ore. The mill is
typically near the mine or between a group of mines because the ore cannot be sold before it has been
milled. The mill crushes the rock of any solid ore, leaches it with sulfuric acid or a strong alkaline
solution. The uranium is then precipitated, and is dried (World Nuclear Association, 2025a). The
dried U3O8, called yellowcake, is sold and is about 80% uranium compared to about a 0.1% in the
original ore. U3O8 is the material imported into the U.S. and other countries with the facilities for
enrichment.

2.4. Mining Economics

Wang and Xing (2022) developed mathematical models and relationships between various factors
that impact Global Uranium Resource Trade Networks (GURTNs). They concluded that trade re-
lationships could be improved by natural uranium exporters increasing resources to better control
their ability to influence the trade. Additionally, Wang and Xing suggested that China, another ma-
jor consumer and producer of nuclear energy resources should increase trade participation to better
improve domestic and international economy for uranium resources. The economics of uranium have
an impact on the general global energy market (Mitreski and Lutey, 2024). As the importance of
uranium increases for low-carbon-emission goals, the effect of the economics of uranium will also
increase.

Uranium is a non-renewable resource, more like fossil fuels than other alternative energy sources.
The efficiency of uranium mining and enrichment are major factors in the amount of usable uranium.
New technologies for improving uranium usage will likely lead to increased energy prices for nuclear
energy but innovation could be necessary if uranium supplies begin to deplete (Liebert and Englert,
2015). However, the demand for uranium is unpredictable because of the history of nuclear energy
and the volatility of the energy market (Monnet et al., 2017). Improvements in alternative reactor
types would also increase the supply of viable nuclear fuels.

3. Enrichment

The unenriched U3O8 imported into the U.S. contains the natural uranium isotope composition of
about 0.7% U-235 and U-238 as the remainder. Enrichment is the process of increasing the U-235
concentration by separating out the U-238 isotopes in the uranium oxide compound. Fuel for nu-
clear reactors only needs to be between 3.5 and 5% U-235 to sustain the nuclear chain reaction
necessary to continuously produce energy. The enrichment of uranium is regulated by international
laws because at larger concentrations of U-235, it can become dangerous. Particularly at greater
than 90% U-235 the compound is considered weapons-grade. Weapons-grade uranium is used in
the development and creation of nuclear weapons. The U.S. and many other countries are part of
non-proliferation efforts to monitor and prevent the manufacturing of weapons-grade uranium.
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Figure 2: A flow chart showing the progression of chemical reactions used to convert U3O8 to
UF6 before enrichment (Source: US Nuclear Regulatory Commission).

According to the World Nuclear Association (2025a), for uranium to be enriched it must be in a
gaseous form. Most of the uranium oxide compound reacts to form uranium hexafluoride (UF6) as
a liquid and is made to solidify. Fig. 2 is from the U.S. Department of Energy and depicts a flow
chart that shows the reactions used to convert U3O8 into UF6. The UF6 is shipped to the enrich-
ment facility where it is separated into low-enriched uranium that is mostly U-235 and depleted
uranium that increases in U-238 concentration without the U-235. There are multiple enrichment
techniques but the most common utilizes the mass difference between the isotopes in centrifuges.
The enriched UF6 is then converted into uranium dioxide. The UO2 masses are pressed and heated
at over 1,400℃ to form pellets that are inserted into fuel rods.

3.1. U.S. Enrichment Facilities

The U.S. is the largest consumer of nuclear energy at about 782 terra-watthours (TWh) followed by
China at about 418 TWh (World Nuclear Association, 2025b). Multiple U.S. government agencies
agreed that domestic uranium mining and enrichment are priorities for the country’s energy supply
(U.S. Government Accountability Office, 2020). Currently Russia supplies about 20% to 30% of
uranium enrichment to the U.S. and Europe (U.S. Department of Energy, 2025). The U.S. is cur-
rently looking to expand the domestic mining and enrichment capabilities for decreasing reliance on
Russian supplies. As of now, there are two gas centrifuge uranium enrichment plants. These plants
are in New Mexico and Ohio and are companies contracted by the U.S. government. Demand for
nuclear energy is expected to increase and the need for domestic enrichment facilities will grow with
demand for energy.
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3.2. Non-Proliferation

In 1968 the Treaty on the Non-Proliferation of Nuclear Weapons (NPT) was signed by 191 countries
(International Atomic Energy Agency, 1970). In the treaty there are five nuclear-weapon States,
including the U.S., that may maintain a nuclear weapons arsenal but may not assist in or encourage
the development of nuclear weapons in non-nuclear-weapon States. The International Atomic Energy
Agency (IAEA) and all countries that signed the NPT are tasked with maintaining the treaty and
adhering to it. When a country gathers a uranium supply for enrichment, that country is observed to
ensure that the uranium is used for civilian purposes and is not enriched to weapons-grade. There are
many techniques for non-proliferation and the monitoring of international uranium resources. Oak
Ridge National Laboratory is a major source of non-proliferation research in the United States. Non-
proliferation is a direct national security concern that ensures that countries with uranium supplies
do not build a nuclear arsenal and threaten nuclear war. One indirect source of non-proliferation
is the increased demand for energy generation. Countries that have the capabilities to use uranium
are predicted to use them more for nuclear energy generation rather than weapons manufacturing
as the energy demands of the country increase (Zhangozhayeva et al., 2024).

4. Nuclear Fuel Waste

After uranium fuel is used in a nuclear reactor, it becomes spent fuel. The World Nuclear Associa-
tion (2025a) estimateed that about 1% of the spent fuel is U-235, 1% plutonium, 95% U-238, and
the remainder are miscellaneous fission products. Spent fuel can either be reprocessed and recycled
or placed in long-term storage facilities. Nuclear waste products are radioactive and produce lethal
doses of radiation at about 10,000 Rem per hour for about 10 years after being removed from the
power plant whereas the average human has a fatal acute dose limit of about 500 Rem (U.S. En-
vironmental Protection Agency, 2017; U.S. Nuclear Regulatory Commission, 2024). Nuclear energy
is an attractive alternative to fossil fuels because it releases zero direct carbon-dioxide emissions
which are known greenhouse-gas contributors. Greenhouse gases are gases produced by human ac-
tivity that trap heat in the earth’s atmosphere and leads to climate change.

While nuclear energy does not produce carbon dioxide, the lethality and lifetime of spent nuclear
fuels are also harmful to life and the environment. The U.S. Nuclear Regulatory Commission (NRC,
2024) asserts that the uranium isotopes that absorb neutrons rather than fissioning are called
transuranic wastes which take longer to decay compare to other fission products and are the major
radioactive hazard after 1,000 years. Plutonium-239 (Pu-239), a possible product of radioactive de-
cay of uranium, has a half-life of 24,000 years meaning that half of the radioactive Pu-239 isotope
will have decayed after 24,000 years. Finding ways to recycle spent fuel to achieve greater yields
before placing spent fuel in long-term storage is one solution for increasing the available nuclear
fuel supply and ensuring that the fuel is not wasted before it enters long-term storage. Once the
spent fuel is in long-term storage, governments must ensure that the fuel is secured and the spent
fuel is not a danger to the health of people and the environment in the surrounding area for millennia.
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4.1. Fuel Recycling

Reprocessing of spent nuclear fuel involves the separation of uranium and plutonium from other
fission products that cannot be used as recycled nuclear fuel (U.S. Nuclear Regulatory Commission,
2024; World Nuclear Association, 2025a). The remaining U-235 is in greater concentration than
natural uranium and can be further refined to be used again as a fissile material. The plutonium
separated in the waste product can be used as an alternative fuel called mixed oxide (MOX) fuel.
Remaining U-238 fuel is also not fissile under thermal neutron conditions but can also be considered
an alternative fuel in a fast neutron reactor.

4.2. Waste Storage

Radioactive waste is produced in three major categories: low-, intermediate-, and high-level waste.
Low-level waste has radioactive content that makes it dangerous to human health, but the radioac-
tive content has shorter half-lives than the other two levels (European Nuclear Safety Regulators
Group, 2025). Intermediate-level waste contains long-lived radioactive isotopes and must be stored
underground and requires more containment than low-level waste. High-level waste generates heat
and radioactivity that must be handled in specific manners and placed in facilities created specifi-
cally for high-level waste. Currently, high-level waste facilities are not permanent storage solutions
as governments continue to use the spent fuel for a variety of purposes and do not want to lose access
to potential radioactive resources (World Nuclear Association, 2025a). When permanent storage fa-
cilities are required, it is estimated that the fuel will be stored about 500 meters below the surface
and will be sealed and made inaccessible. Current fields of research in nuclear waste storage focus on
methods of nuclear fuel storage and ways to improve public reception of nuclear waste to increase
the number of possible storage facilities.

Processing waste is just as important to national security as acquiring nuclear fuels. If nuclear
waste is not properly stored and maintained, dangerous radioactive isotopes could contaminate
groundwater, and affect the drinking water and agriculture of an area for hundreds of generations
of people. Radioactive waste poses health concerns and public perception of nuclear energy hinges
on governments properly securing their radioactive waste. Recycling spent fuel and using the Pu-
239 and U-238 byproducts as alternative fuels are one way of decreasing the amount of waste and
increasing the efficiency of the mining and enrichment processes.

5. Alternative Fuels

Because U-235 is the only fissile material in commercial nuclear reactors, the amount of waste
produced to achieve fuel-grade uranium and produced from the usage of uranium for the amount
mined is an area of concern for governments and nuclear energy companies. Increasing the number
of viable fuel sources is one method of increasing the efficiency of nuclear fuel resources that has
been researched for as long as nuclear power has been used. Three possible alternative fuels are
U-238, Pu-239, and Th-232 which are not fissile under the same conditions as U-235. To achieve
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fission with these alternative fuels, nuclear reactors that can utilize fast neutrons or coolants that
are not water must be used.

5.1. Types of Nuclear Reactors

Most commercial nuclear reactors are known as Light-Water Reactors (LWRs). These reactors use
water that has not been converted into heavy water – water that is dominated by hydrogen-2 (H-2)
isotope, called deuterium. LWRs can also be split into two subcategories, Pressurized Water Reac-
tors (PWRs) and Boiling Water Reactors (BWRs) (The Institution of Engineering and Technology,
2008). BWRs work by operating at near-atmospheric pressures that allow water to boil under the
extreme heat of the nuclear reaction and directly turn a turbine to generate electricity. PWRs, on
the other hand, operate at greater-than-atmospheric pressures that suppress the boiling of water
and transfer heat to another water loop that is allowed to boil that then turns the turbine. Both
LWR configurations are used commercially, but most reactors are PWRs. Fig. 3 shows an example
of a PWR including the coolant water reservoir and connections to the power grid. The water in
LWRs and the coolants used in alternative reactors also act as moderators that determine the en-
ergy of the neutrons. To maintain higher-than-thermal-energy neutrons, the coolant must not be a
strong moderator and must be more thermally conductive than light water because reactions with
slow and fast neutrons release more heat.

Figure 3: A depiction of a pressurized-water reactor with a coolant reservoir and connections to a
power grid (Source: Tennessee Valley Authority).

Reactors that do not fall under the categories of LWRs are generally referred to as advanced reactors.
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Advanced reactors include, but are not limited to, Gas-Cooled Fast Reactors (GFRs), Molten-Salt
Reactors (MSRs), Heavy-Water Reactors (HWRs), Lead-Cooled Fast Reactors (LFRs), and Sodium-
Cooled Fast Reactors (SFRs) (Generation IV International Forum, 2025). Each of these types of
reactors use a different type of coolant that has different heat transfer and neutron moderation
capabilities compared to the others. The differences between these reactors and the LWRs are
what allow for the use of fuel other than U-235. Many of these reactors are still in a research and
development stage and are not currently commercially viable.

5.2. U-238 and Pu-239

As stated previously, U-238 is non-fissile because it is a more stable isotope than U-235. However,
when U-238 absorbs fast neutrons, it undergoes beta-decay which causes the isotope to gain an
atomic number at the same mass (Encyclopedia Britannica, 1998):

238U + n →239 U (1)

239U →239 Np + β− (2)

239Np →239 Pu + β− (3)

Pu-239 and Pu-241 are both possible fissile materials produced by this reaction or a similar beta-
decay process. The β− particle is an electron that is released by the decay of the excess neutron
into a proton. The original U-238 can undergo two stages of beta-decay after absorbing one or more
neutrons to transmute into an isotope of neptunium and then a fissile plutonium isotope (World
Nuclear Association, 2021). U-238 makes up 99.3% of the composition of the natural uranium sup-
ply. Fast neutron reactors have the capacity to increase the amount of usable uranium and reduce
the necessity for expensive enrichment. GFRs, HWRs, LFRs, and SFRs are all reactors that are in
development to support the use of fast neutrons for fission with U-238 nuclides. Reactors that can
use U-238 must also support fission of Pu-239. Uranium-238 and Pu-239 are products of depleted
uranium and spent U-235 fuel. Fast neutron reactors will increase the capacity to more of the prod-
ucts derived from each stage of the uranium fuel cycle.

If a reactor produces more fissile material than is initially used to begin, the nuclear reactions, the
reactor is considered a breeder reactor (World Nuclear Association, 2021). Most reactor designs,
even fast neutron reactors, are not considered breeder reactors because they consume more fissile
material than they produce. Breeder reactors are another area of active development that have the
potential to increase the efficiency and economy of nuclear fuels.

5.3. Th-232

Like U-238, Th-232 is not naturally fissile and must undergo a beta-decay process through protactinium-
233 (Pa-233) to finally reach uranium-233 (U-233), an isotope of uranium that is fissile, but is not
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found naturally (World Nuclear Association, 2024):

232Th + n →233 Th (4)

233Th →233 Pa + β− (5)

233Pa →233 U + β− (6)

Thorium is more abundant than uranium and only naturally occurs in the Th-232 form. Thorium
can be used in various reactors including LWRs and MSRs. An example MSR can be seen in Fig.
4 and is shown to have several fluid loops and heat exchangers, showing the complexity of these
advanced reactors. The Pa-233 can either be separated from the thorium and uranium to be repro-
cessed or – especially in MSRs – can be continuously decayed within the reactor without additional
processing. Thorium reactors also have the potential to be breeding reactors, and can do so by us-
ing slow neutrons unlike the U-238 reactors which require fast neutrons. It is also possible to cause
direct fission of Th-232 using fast neutron systems, however there is no relative advantage to doing
when compared to the beta-decay process (World Nuclear Association, 2024).

The use of alternative fuels other than U-235 has the potential to improve the economic, public
perception, and security of nuclear energy. According to the Generation IV International Forum
(GIF), a global organization designed to support the development of a new generation of advanced
nuclear reactors, new advanced reactors will reduce the long-term impact of nuclear waste, improve
the safety of nuclear reactors by decreasing the likelihood and severity of reactor damage, and will
support non-proliferation efforts by further discouraging the use of fuel resources for illegal weapons
development. GIF also notes that these new reactors will have cost advantages, but will present
economic risks when compared to traditional and previously established energy sources (Generation
IV International Forum, 2025. The effectiveness and efficiency of traditional LWRs will ensure that
LWRs are not fully replaced by advanced reactors, but the availability of alternative reactors for
diversification of fuel and energy resources could be important to ensuring the security of the national
nuclear energy supply.

6. Conclusions

Electricity generated by nuclear power plants is an increasingly attractive option for governments as
countries move toward alternatives to fossil fuel generators. Nuclear energy has been used since at
least the 1950s after the discovery of nuclear fission and the development of nuclear weapons. Since
then, nuclear reactors of many types categorized by their coolants and neutron energies have been
developed for a variety of applications and fuel cycles. The most common type of nuclear reactors
are light-water reactors that use the uranium isotope U-235. As a fuel for power generation, U-235 is
rare and expensive to acquire in usable quantities. It can be used in nuclear weapons by potentially
dangerous governments or organizations. As such, nuclear energy poses significant challenges for
nuclear security including economics, public health, and military concerns.
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Figure 4: A molten salt reactor configuration with several fluid loops including two salt loops for
the fuel mixture and coolant (Source: US Department of Energy Nuclear Energy Research

Advisory Committee).

If the United States becomes reliant on nuclear energy as a primary source of energy, the concerns
posed about the uranium fuel cycle will become more necessary to be addressed. Currently, the
U.S. imports about 99% of its uranium fuel supply from various countries. The U.S. has enrichment
facilities such that it only needs to import raw uranium. Maintaining positive relationships with the
countries that uranium is imported from will be crucial to ensuring that uranium can be used as
an energy generating fuel. Also keeping the diverse sources of uranium ensures that no one country
could exploit the U.S. government to act against the interests of its populace.

The economics of uranium depend on the mining capabilities of the exporting countries, and the
ability and willingness of those countries to continue making the uranium available. As demand
for nuclear energy increases, it is predicted that the economy of the uranium trade will improve as
more uranium is discovered, and new mining and enrichment technologies are developed. Another
improvement to the economy of nuclear fuels could come in the form of alternative fuel sources.
Uranium-238, Pu-239, and Th-232 are potential alternatives to U-235. The U.S. must continue to
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focus on improving the economics of nuclear energy if the government is to rely on nuclear as a
primary source of nuclear energy. Economy is another possible point of leverage that could be used
to exploit governments and is a point of concern for national security.

Uranium-fuel waste is another major point of concern for the growth of reliance on nuclear energy.
Spent uranium fuel is radioactive and harmful to human health, especially at fatal doses of radia-
tion. Current solutions for storing spent fuel are temporary such that the waste can continue to be
used in a variety of ways. However, spent fuel will eventually need to be stored permanently and
without the ability to harm people or the environment. Methods are being developed for storage of
nuclear fuel, and the current temporary solutions are generally considered to be safe.

Nuclear energy as an alternative to fossil fuels has historically, and continues to, face challenges
because of the possible environmental and economic threats it poses. However, nuclear energy has
the potential to improve national security and environmental health.

References

Encyclopedia Brittanica. (1998). Uranium Processing. Britannica. Retrieved December 1, 2025, from
https://www.britannica.com/technology/uranium-processing/additional-info

European Nuclear Safety Regulators Group. (2025). Categorisation of radioactive waste | ENSREG.
Retrieved December 1, 2025, from https://www.ensreg.eu/safe-management-spent-fuel-a
nd-radioactive-waste/categorisation-radioactive-waste

Generation IV International Forum. (2025). Generation IV Goals, Technologies and GIF R&D
Roadmap. GIF Portal.

Retrieved December 1, 2025, from https://www.gen-4.org/generation-iv-criteria-and-technologies

International Atomic Energy Agency. (1970). Treaty on the Non-Proliferation of Nuclear Weapons.
Retrieved December 1, 2025, from https://www.iaea.org/sites/default/files/publications/
documents/infcircs/1970/infcirc140.pdf

Johnson, S. (2025). U.S. nuclear generators import nearly all the uranium concentrate they use—U.S.
Energy Information Administration (EIA).

Retrieved December 1, 2025, from https://www.eia.gov/todayinenergy/detail.php?id=64444

Li, G., & Yao, J. (2024). A Review of In Situ Leaching (ISL) for Uranium Mining. Mining, 4(1),
120–148. https://doi.org/10.3390/mining4010009

Mitreski, P. & Lutey, M. (2024). The Structural Importance of Uranium: Commodity Volatility and
Sustainability. Journal of Business and Behavioral Science: Volume 36, 4-14.

Mudd, G.M. & Diesendorf, M. (2007). Sustainability of Uranium Mining and Milling: Toward
Quantifying Resources and Eco-Efficiency. Environmental Science & Technology: Volume
42, 2624-2630.

93

https://www.britannica.com/technology/uranium-processing/additional-info
https://www.ensreg.eu/safe-management-spent-fuel-and-radioactive-waste/categorisation-radioactive-waste
https://www.ensreg.eu/safe-management-spent-fuel-and-radioactive-waste/categorisation-radioactive-waste
https://www.gen-4.org/generation-iv-criteria-and-technologies
https://www.iaea.org/sites/default/files/publications/documents/infcircs/1970/infcirc140.pdf
https://www.iaea.org/sites/default/files/publications/documents/infcircs/1970/infcirc140.pdf
https://www.eia.gov/todayinenergy/detail.php?id=64444
https://doi.org/10.3390/mining4010009


Oregon State University. (2004). NE 581—Radiation Protection—OSU Extended Campus—Oregon
State University. Retrieved December 1, 2025, from https://courses.ecampus.oregonstate.
edu/ne581/five/neutrons.htm

The Institution of Engineering and Technology. (2008). Nuclear Reactor Types. Retrieved December
1, 2025, from https://www.theiet.org/media/8809/nuclear-reactor-types.pdf

U.S. Department of Energy. (2025). Uranium Enrichment, Explained. Energy.gov. Retrieved De-
cember 1, 2025, from https://www.energy.gov/ne/articles/uranium-enrichment-explained

U.S. Department of Energy. (2025). Energy Security. Energy.gov. Retrieved December 1, 2025, from
https://www.energy.gov/topics/energy-security

U.S. Energy Information Administration. (2024a). U.S. energy facts explained—Consumption and
production—U.S. Energy Information Administration (EIA).

Retrieved December 1, 2025, from https://www.eia.gov/energyexplained/us-energy-facts/

U.S. Energy Information Administration. (2024b). Frequently Asked Questions (FAQs)—U.S. En-
ergy Information Administration (EIA). Retrieved December 1, 2025, from https://www.ei
a.gov/tools/faqs/faq.php?id=727&t=6

U.S. Environmental Protection Agency. (2017). Radiation Terms and Units [Overviews and Fact-
sheets]. https://www.epa.gov/radiation/radiation-terms-and-units

U.S. Nuclear Regulatory Commission. (2024). Backgrounder on Radioactive Waste | Nuclear Reg-
ulatory Commission. Retrieved December 1, 2025, from https://www.nrc.gov/reading-rm/
doc-collections/fact-sheets/radwaste

Wang, Z. & Xing, W. (2022). Study on the Characteristics and Evolution Trends of Global Uranium
Resource Trade from the Perspective of a Complex Network. Sustainability 2022, 14, 15295

World Nuclear Association (2017). Fast Neutron Reactors—World Nuclear Association. Retrieved
December 1, 2025, from https://world-nuclear.org/information-library/current-and-futur
e-generation/fast-neutron-reactors

World Nuclear Association. (2024). Thorium—World Nuclear Association. Retrieved December 1,
2025, from https://world-nuclear.org/information-library/current-and-future-generation/
thorium

World Nuclear Association. (2025a). Nuclear Fuel Cycle Overview—World Nuclear Association.
Retrieved December 1, 2025, from https://world-nuclear.org/information-library/nuclear-f
uel-cycle/introduction/nuclear-fuel-cycle-overview

World Nuclear Association. (2025b). Nuclear Power in the World Today—World Nuclear Association.
Retrieved December 1, 2025, from https://world-nuclear.org/information-library/current-a
nd-future-generation/nuclear-power-in-the-world-today

94

https://courses.ecampus.oregonstate.edu/ne581/five/neutrons.htm
https://courses.ecampus.oregonstate.edu/ne581/five/neutrons.htm
https://www.theiet.org/media/8809/nuclear-reactor-types.pdf
https://www.energy.gov/ne/articles/uranium-enrichment-explained
https://www.energy.gov/topics/energy-security
https://www.eia.gov/energyexplained/us-energy-facts/
https://www.eia.gov/tools/faqs/faq.php?id=727&t=6
https://www.eia.gov/tools/faqs/faq.php?id=727&t=6
https://www.epa.gov/radiation/radiation-terms-and-units
https://www.nrc.gov/reading-rm/doc-collections/fact-sheets/radwaste
https://www.nrc.gov/reading-rm/doc-collections/fact-sheets/radwaste
https://world-nuclear.org/information-library/current-and-future-generation/fast-neutron-reactors
https://world-nuclear.org/information-library/current-and-future-generation/fast-neutron-reactors
https://world-nuclear.org/information-library/current-and-future-generation/thorium
https://world-nuclear.org/information-library/current-and-future-generation/thorium
https://world-nuclear.org/information-library/nuclear-fuel-cycle/introduction/nuclear-fuel-cycle-overview
https://world-nuclear.org/information-library/nuclear-fuel-cycle/introduction/nuclear-fuel-cycle-overview
https://world-nuclear.org/information-library/current-and-future-generation/nuclear-power-in-the-world-today
https://world-nuclear.org/information-library/current-and-future-generation/nuclear-power-in-the-world-today


Christopher Seth Stines is a graduate student at the University of Illinois Urbana-Champaign pursuing a
doctoral degree in nuclear engineering. Christopher’s research interests are in experimental and computational
two-phase flow and thermal hydraulics. He earned his undergraduate degree in chemical engineering from
Texas Tech University and held an internship at ExxonMobil in unconventional reservoir engineering. He
is currently a research assistant working with Professor Caleb Brooks and holds a position on the Nuclear,
Plasma, and Radiological Engineering department’s Graduate Student Advisory Committee.

95



96



Material Durability in Permanent
Nuclear Waste Disposal: The Beishan
Case

Yuwen Xu1*

1Department of Nuclear, Plasma, and Radiological Engineering, University of Illinois Urbana-Champaign,
61801, IL, Urbana-Champaign,United States

*Corresponding Author: Yuwen Xu; yuwenxu3@illinois.edu

The permanent disposal of High-Level Waste presents a critical global security challenge because
of the extreme longevity of radionuclides. Deep Geological Repositories (DGR) utilizing Engineered
Barrier Systems are the accepted solution for isolating this waste from the biosphere. This paper
highlights the suitability of the Beishan DGR in China, examining how its arid Gobi Desert climate
and stable granite host rock provide optimal hydrogeological conditions for radionuclide retardation.
The corrosion mechanisms of three candidate canister materials, carbon steel, copper, and titanium
alloys, are evaluated within the geochemical environment in Beishan. While carbon steel and copper
offer predictable behaviors, they face risks from hydrogen-induced cracking and localized corrosion,
respectively. Titanium alloys demonstrate superior corrosion resistance through stable oxide film
formation but remain susceptible to hydrogen embrittlement under long-term anoxic conditions.
The successful implementation of the Beishan repository depends on validating these material
performance through in-situ testing.

Keywords: High-level waste, deep geological repositories, Beishan, engineered barrier systems,
corrosion, nuclear materials, canister materials

1. Introduction

Radioactive waste contains radioactive materials resulting from various nuclear activities. The man-
agement strategy for this waste is determined by its radiological characteristics: activity level, half-
life, and decay heat generation. Radioactive waste is classified into three principal categories: (a)
Low-Level Waste (LLW), contains small amounts of mostly short-lived radioactivity. LLW is gener-
ated widely and accounts for the largest proportion of waste volume. (b) Intermediate-Level Waste
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Table 1: Classification and characteristics of radioactive waste categories.

Category Volume
%

Activity
%

Decay Heat Require-
ment

Primary Sources

High-Level Waste
(HLW)

<1% ≈95% Requires Active Cooling
(>2 kW/m3)

Spent Nuclear Fuel,
Vitrified Reprocessing
Residues

Intermediate-Level
Waste (ILW)

≈6% ≈4% Negligible Reactor operational
waste, fuel element
cladding

Low-Level Waste
(LLW)

≈94% ≈1% None Protective clothing,
tools, medical isotopes

(ILW), contains larger concentrations of radioactivity than LLW and generally requires some level
of shielding for handling. (c) High-Level Waste (HLW), contains elevated radioactivity and signifi-
cant heat generation resulting from decay. HLW contains most radiological hazards among the three
categories. For example, HLW accounts for less than 1% of the total volume of radioactive waste pro-
duced, while it contains approximately 95% of the total radioactivity in UK (“Radioactive Waste,”
2025). This extreme concentration of radiological hazard dictates the requirement for permanent,
geological isolation. Table 1 compares different radioactive waste and their fractions approximately
in the UK (“Radioactive Waste,” 2025).

High-Level Waste originates from two sources: the direct use of fuel and the subsequent recycling
of that fuel. The predominant source of HLW is Spent Nuclear Fuel (SNF), which is the "burned"
uranium fuel removed from nuclear reactors. In the United States, commercial SNF remains stored
near reactor sites pending the construction of permanent disposal facilities. Besides, some nuclear
programs opt to recycle used nuclear fuel to recover reusable materials: uranium and plutonium. Re-
processing separates the spent fuel into these reusable elements and a highly concentrated residue.
Additionally, nuclear weapons programs also generate significant radioactive waste that requires
specialized disposal (Fernández-Arias et al., 2023).

HLW generates decay heat exceeding 2 kW/m3, necessitating active cooling and substantial shielding
for its immediate management. This thermal load is primarily generated by short-lived fission prod-
ucts, which also produce penetrating radiation capable of delivering fatal doses in a short period. In
contrast, the long-term management challenge is dictated by transuranic elements like plutonium-
239. Table 2 shows the key radionuclide half-lives and their radiological hazard timescale. These
long-lived isotopes represent the dominant radioactive hazard that demands a permanent isolation
strategy, such as deep geological disposal, capable of containing the material for tens to hundreds
of thousands of years.
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Table 2: Example of radionuclide half-lives and associated ra-
diological hazard timescale.

Radionuclide Half-Life (Years) Primary Hazard Role

Curium-244 18 Short-term thermal load
and gamma radiation

Cesium-137 30 Short-term thermal load
and gamma radiation

Plutonium-239 24,000 Long-term radiotoxicity

The imperative for permanent disposal of HLW is rooted in ethical and security obligations spanning
geological timescales. This imperative necessitates the use of a Deep Geological Repository (DGR)
as an entirely passive isolation system, which requires no continuous human involvement to protect
the biosphere and natural resources from long-term radiological contamination. The multi-barrier
system is engineered to delay and limit the migration of long-lived radionuclides via groundwater
transport for tens to hundreds of thousands of years. Moreover, this vast timeframe introduces a
unique security challenge: ensuring that information about waste and its hazards is successfully
conveyed across millennia, mitigating the risk of intentional intrusion by future societies that might
otherwise view the repository as a tempting mining site (Tondel & Lindahl, 2019).

Several nations are actively developing DGR concepts, with advanced programs in countries like
Finland, Sweden, Canada, Switzerland, and France. These global efforts explore a variety of host
rock environments, including granite, shale, and salt formations. While the technical framework
is mature, the ultimate success of international DGR projects, as demonstrated by the advanced
status of Finland’s program, depends critically on securing broad societal and political acceptance
alongside technical competence, a requirement that has proven to be a deciding factor in the success
or failure of national plans.

Engineered Barrier System (EBS) is a critical component of the DGR System to ensure the passive,
long-term isolation of HLW. The EBS consists of several independent layers. At the core is the
waste form, intended to minimize the release rate of radionuclides. This waste form is encased
within a durable disposal canister, which provides robust physical containment for the initial period.
Surrounding the canister is the buffer material, frequently compacted bentonite clay, which acts as a
chemical and physical barrier by restricting water flow and swelling to self-seal minor fractures in the
rock. Finally, specialized Backfill materials are used to seal the remaining tunnels and underground
repository spaces. Figure 1 shows an example of EBS within a geological disposal system.

2. Deep Geological Repository development in Beishan, China

This section outlines the development of China’s High-Level Waste disposal program, focusing on
the establishment of the Underground Research Laboratory (URL) and the geological characteris-
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Figure 1: Example of an EBS within a geological disposal system (modifier from (Nuclear Energy
Agency (NEA), Organization for Economic Co-operation and Development (OECD), 2012)).

tics that substantiate the selection of Beishan as the preferred site.

China’s DGR program for HLW commenced research and development in 1985 with the objective of
establishing a permanent disposal facility by 2050. The national strategy has identified the Beishan
area in the Gobi Desert of Gansu Province (shown in Figure 2) as the preferred site, selecting hard
granite as the host rock for the repository. The program is currently executing its second phase
(2021–2040), which involves the construction and operation of the Beishan Underground Research
Laboratory. This URL, a significant national undertaking with an investment exceeding 2.7 billion
yuan, is planned to reach a depth of 560 meters and serves as the critical platform for validating
the repository’s safety and testing engineered barrier components. (The People’s Republic of China,
2020)

The suitability of the Beishan site for permanent waste disposal is strongly underpinned by its unique
geological and climatic context, which creates a stable environment for long-term material dura-
bility. The Beishan Underground Research Laboratory (URL) site is in Gobi Desert. This climate
is characterized by annual average precipitation that is less than 80 mm, and intense evaporation
rates (Wang et al., 2018), which fundamentally limits the potential for groundwater recharge. The
hydrogeological conditions within the granite host rock are favorable. Site characterization data
demonstrates limited permeability and slow groundwater movement. The host rock mass has a
hydraulic conductivity ranging from 10−12 m/s to 10−10 m/s, leading to extremely limited perme-
ability (An et al., 2025). This lack of permeability, combined with long-flow paths, results in slow
groundwater seepage. This environment is expected to enhance the long-term durability of waste
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Figure 2: Distribution of the nine candidate URL sites, including Beishan, in northwestern
China. (Wang et al., 2018)

canisters and effectively isolate waste by ensuring limited migration of potential radionuclides.

3. Key Material Degradation Mechanisms and Performance Predic-
tions

This section evaluates the long-term durability of the EBS within Beishan repository. It first charac-
terizes the critical environmental factors, including the hydrogeochemical conditions of the ground-
water and the thermal-radiation effects resulting from HLW decay. Based on these environmental
parameters, the corrosion mechanisms for three candidate canister materials, carbon steel, copper,
and titanium alloys, are analyzed to assess their suitability for permanent isolation.

3.1. Geochemical Environment in Beishan

The chemical environment is dynamic and is the key to understanding the corrosion mechanisms.
The natural Beishan groundwater is weakly alkaline (pH 8.22) and is a brine with elevated concen-
trations of Cl− and SO2−

4 (Wei et al., 2021). Immediately after closure, trapped air and dissolved
oxygen in the infiltrating groundwater create a short-term oxidizing period (Gras, 2002). Later,
trapped oxygen is quickly depleted by container corrosion, mineral reactions, and microbial activ-
ity. The repository then transitions to a long-term reduction environment (Zhang et al., 2022).

3.2. Challenges from Radiation Effects and Thermal Effects

The decay heat from HLW can cause a significant temperature increases in the waste canister, in
the bentonite buffer material, and in the surrounding host rock. This thermal effect requires con-
sideration in repository design. The elevated temperatures will induce thermal expansion of the
near-field materials, which generates thermal stress. This expansion could create tensile stress zones
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and compromise the overall mechanical stability of the repository. Additionally, temperatures ex-
ceeding critical thresholds threaten material durability, leading to complex corrosion effects(Zhou
et al., 2020).

The primary influence of radiation on container corrosion is the radiolysis of water which generates
oxidizing species that would otherwise be absent in the repository environment. However, this effect
depends on the dose rate. For carbon steel and copper, an acceleration in corrosion is only observed
at dose rates >10–20 Gy/h (Muñoz et al., 2024). Repository designs often mitigate this effect
through shielding.

3.3. Candidate Materials and Corrosion Mechanisms

The selection of canister material involves balancing performance, predictability, and cost. China’s
disposal program— similar to many international programs— has studied carbon steel, copper, and
titanium alloys.

3.3.1. Carbon Steel

Carbon steel is widely considered a primary candidate for nuclear waste containers as a corrosion-
allowance material. Its design life is achieved by engineering a thick wall sufficient to withstand
predictable, slow metal loss over millennia rather than relying on complete corrosion resistance.
The corrosion behavior of carbon steel is defined by the evolution of the repository environment.
Immediately after repository closure, trapped air and dissolved oxygen in the infiltrating ground-
water create an initial oxidizing environment. During this phase, corrosion is driven by oxygen
reduction. The initial oxygen is rapidly consumed, in as little as one year (Yang et al., 2007). The
environment then transitions to a stable, long-term reducing condition. In the long-term anoxic
phase, corrosion is dominated by the slow reduction of water, which generates hydrogen gas (Zhang
et al., 2019).

Several key factors governing this long-term behavior include formation of protective corrosion prod-
uct layer, hydrogen embrittlement, and the effect of bentonite buffer. The formation of a protective
corrosion product layer decreases long-term corrosion. At elevated temperatures above 60 ◦C, this
layer is primarily magnetite (Fe3O4) (Zhang et al., 2019). Anaerobic corrosion is the primary source
of hydrogen gas evolution. This hydrogen can be absorbed by steel, leading to hydrogen induced
cracking . This cracking is considered a potential long-term failure mechanism (Zhang et al., 2022).
The compacted bentonite buffer is beneficial in Beishan conditions. Electrochemical studies show
that corrosion rates are slower in compacted bentonite in simulating Beishan conditions than in
simulated groundwater alone, because the bentonite restricts ion mobility and oxidant transport
(Zhang et al., 2019).
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3.3.2. Copper

Copper is the reference canister material for the KBS-3 disposal concept in Sweden and Finland
and is a primary candidate for China’s Beishan DGR. It is chosen for its thermodynamic stability
in the anoxic, reducing conditions of groundwater. However, the hydrogeochemical environment
with chloride (Cl−) and sulfide (H S−) ions in Beishan raises challenges. During the initial aerobic
phase, elevated Cl− levels can destabilize the natural passivation of copper. Instead of forming
a protective oxide film, chloride promotes dissolution by forming soluble complexes and porous
corrosion, increasing the risk of localized pitting (Chae et al., 2023). In the long-term anoxic phase,
sulfide is the main corrodent, and the corrosion process is governed by the transport of corrodents
through the bentonite buffer rather than interfacial reaction rates (Hermansson & Eriksson, 1999).

3.3.3. Titanium

Titanium and its alloys are classified as passive materials. Unlike carbon steel, their design relies
on kinetic stability to resist corrosion rather than on a thick wall designed to be consumed (Gras,
2002). An extremely stable, dense, adherent, and protective oxide film forms on titanium, giving
excellent protection in a repository environment (Zhang et al., 2017). This film makes the general
corrosion rate practically negligible and is significantly slower than that of carbon steel. A study
simulating the Beishan environment estimated that the 1-million-year corrosion depth for carbon
steel was 9058.2 mm, while for pure Ti (Ti grade 2) and a Ti-Pd alloy (Ti grade 16), it was only
38.7 mm and 38.6 mm, respectively (Zhang et al., 2019).

Although the general corrosion rate is negligible for titanium, two failure modes require assessment
for long-term performance: crevice corrosion and hydrogen embrittlement (HE) (Muñoz et al., 2024).
Crevice corrosion is the localized attack because of the presence of chloride ions and is the primary
risk during the initial, short-term aerobic phase. This risk can be avoided or mitigated by alloying the
titanium with palladium or ruthenium (Landolt et al., 2009; Schutz, 1996). Hydrogen embrittlement
is considered the main potential long-term risk under anoxic conditions. After oxygen is consumed,
the dominant cathodic reaction is the reduction of water, which produces hydrogen atoms. This
hydrogen reacts with titanium to form brittle titanium hydrides within the metal lattice, causing a
loss of ductility. Failure can occur if the absorbed hydrogen concentration exceeds critical hydrogen
concentration. The risk of hydrogen embrittlement is pronounced at elevated temperatures, above
80◦C, which accelerates hydrogen diffusion, and in very acidic (pH < 3) or very alkaline (pH > 12)
environments (Zhang et al., 2022).

Other factors that may influence titanium performance include radiation and microbial influenced
corrosion (MIC). The effect of radiation on titanium is dependent on the dose rate. At dose rates
relevant to most repository designs (< 100 Gy/h), titanium is expected to remain passive (Wei et
al., 2021). However, extremely intense dose rate of 5 kGy/h, can significantly accelerate corrosion
rate (Wei et al., 2021). Radiation would not be the main concern because the radiation dose is
generally less than the 100 Gy/h threshold. Additionally, titanium alloys are known to be immune
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to MIC (King, 2020).

4. Conclusions

The permanent disposal of High-Level Waste is a critical global challenge necessitating robust isola-
tion strategies because of the extreme longevity of radionuclides. This paper highlights the suitability
of the Beishan Deep Geological Repository in China. The stable granite host rock and arid Gobi
Desert climate provide excellent hydrogeological conditions to limit radionuclide migration. Central
to the safety of the repository is the Engineered Barrier System and the selection of durable canister
materials. Carbon steel offers a predictable corrosion behavior relying on gradual metal loss and pro-
tective film formation. However, hydrogen induced cracking remains a long-term concern. Copper is
selected for its thermodynamic stability in reducing environments, yet the presence of chloride and
sulfide ions in Beishan groundwater introduces risks of localized corrosion. Titanium and its alloys
show outstanding corrosion resistance because of their passive oxide films, with hydrogen embrit-
tlement as the potential long-term risks. The successful implementation of the Beishan repository
depends on validating these material performance predictions through in-situ testing at the Beishan
Underground Research Laboratory to ensure the protection of the biosphere for thousands of years.
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