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Abstract: As a low-carbon and efficient energy source, nuclear power plays an indispens-
able role in China’s pursuit of carbon neutrality. However, existing studies on China’s
nuclear energy development often overlook the constraints posed by uranium resources,
limiting a comprehensive assessment of the pathways to carbon neutrality. This study
incorporates uranium resource constraints into the China Global Energy Model (C-GEM)
to analyze in detail the impact of uranium scarcity on China’s nuclear power develop-
ment, electricity costs, and carbon emissions. Under a scenario of severe uranium resource
constraints, the results indicate that nuclear power generation in 2060 is projected to be
35-50% lower than in a high-resource scenario, with nuclear power costs increasing by over
12% and carbon prices rising by approximately 2%. Without robust management of the
uranium supply, the development of nuclear power may be constrained, hindering China’s
ability to achieve its carbon neutrality targets. Therefore, this study suggests that China’s
nuclear energy policies should focus on strengthening uranium resource security through
enhanced domestic and international exploration, investing in advanced fuel recycling
and high-efficiency reactor technologies, and integrating these measures into the broader
low-carbon energy framework to ensure the sustainable development of nuclear power.

Keywords: uranium resource constraints; nuclear power development; China; carbon neutrality

1. Introduction

Governments worldwide have set ambitious targets for achieving net-zero emis-
sions [1]. At the 28th Conference of the Parties (COP 28) to the United Nations Framework
Convention on Climate Change (UNFCCC), over 200 signatories committed to transition-
ing energy systems away from fossil fuels, aligning major global players towards cleaner
and low-carbon energy development goals [2,3]. As a clean, low-carbon, efficient, and
stable energy source, nuclear power is widely regarded as a technology for driving energy
transitions and achieving carbon neutrality [4,5]. Nuclear power boasts the lowest life-cycle
carbon emissions per unit of electricity—ranging from 5.1 to 6.4 g, with emissions only
occurring during uranium mining, refining, and reactor fuel fabrication [6,7]. Over the past
fifty years, nuclear power plants have prevented approximately 66 Gt of CO, emissions,
and they are expected to continue reducing more than 1 Gt of emissions annually [8].
Furthermore, compared with renewable sources such as wind and solar power, nuclear
energy provides a stable, weather-independent baseload power supply.
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China’s aggressive goal of becoming carbon neutral by 2060 has accelerated the devel-
opment of nuclear power. Expanding nuclear power not only lowers carbon emissions [9]
but also improves the energy mix, decreases reliance on fossil fuels, guarantees a steady
supply of electricity, and avoids climate change-induced loss and damage [10-14]. From
a global perspective, the current pace of nuclear construction only offsets the permanent
shutdown of nuclear reactors [13], but China’s nuclear construction pace is accelerating.
The operating nuclear power capacity in China is projected to reach 65 GW by the end of
2025. The national nuclear development plan, supported by strong safety measures and
effective mitigation policies, is expected to drive a notable expansion in nuclear capacity.
Under the carbon neutrality scenario, nuclear generation might climb beyond 2000 TWh by
2060, possibly reaching over 4000 TWh, constituting 10% to 20% of total primary energy
supply (Supplementary Figure S1) [15]. This is compared to modest growth in annual
electricity generation reaching 800-1500 TWh by 2060 without mitigation efforts in the
future [16-18].

The security of the uranium supply has a direct impact on the long-term viability of
nuclear energy [19]. Uranium resources are particularly unevenly distributed, resulting
in uranium shortages in many countries and a reliance on international markets to meet
demand [20]. The procurement of uranium resources has become more challenging in
recent years. Continuing declines in global spending on exploration and mine development
have resulted in global uranium production declining by approximately one-third between
2016 and 2020. Concurrently, the global demand for uranium resources continues to trend
upwards. In particular, the most ambitious nuclear expansion scenarios may result in
global reactor-related uranium demand exceeding 100,000 tons per year [21]. Uranium
availability is affected by a combination of factors, including regulatory frameworks, geopo-
litical stability in major producing countries, technological advancements in extraction and
processing, and market dynamics. Increased regulatory scrutiny over the environmental
impact of uranium mining has affected the pace and cost of mine development [22]. Geopo-
litical stability in major uranium-producing countries is critical, since political instability or
changes in export policies can disrupt supply chains [23]. Technological advancements in
extraction and processing can enhance efficiency and yield, thereby reducing the effective
extraction cost; recent studies highlight the potential of improved technologies for pro-
duction efficiency [24,25]. Finally, market dynamics, including price volatility and global
demand, drive investment decisions and influence the overall supply [26].

There is a substantial gap between the supply and demand of uranium in China.
On the supply side, China’s uranium production expanded gradually, with an average
annual growth rate of roughly 5.8%, from 769 tonnes of uranium (tU) in 2008 to 1700 tU
in 2022, limited by mineral resources and extraction efficiency. Concurrently, China’s
nuclear electricity generation surged sixfold, and domestic uranium demand increased
from 1396 tU to 9563 tU at an average annual growth rate of 14.7%, causing its reliance
on imported uranium to rise dramatically from 44.9% to 82.2% [21]. On the demand side,
Mirkhusanov et al. indicated that under high nuclear energy development scenarios,
rapid uranium demand expansion could lead to the depletion of global low-cost uranium
resources before mid-century [27]. Chen et al. projected that China’s cumulative uranium
demand by 2050 would range from at least 700,000 tons to 1,500,000 tons, a variability
that primarily reflects uncertainties in the future pace of nuclear power development [28].
Moreover, Xing et al. estimated that China’s uranium demand by 2030 would reach over
20,000 tU, and China’s reliance on foreign uranium could reach as high as 90% [29]. The
sources of China’s uranium imports are highly concentrated, primarily from Kazakhstan,
Namibia, and Uzbekistan. Any disruptions in uranium production in these countries could
impact the development of China’s nuclear power [30-32]. With the rapid increase in
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China’s nuclear power installed capacity, the existing uranium supply gap is expected to
widen further.

Previous studies mostly concentrated on comprehensive low-carbon transition path-
ways under carbon neutrality [16,17,33]. These analyses evaluate a broad range of energy
generation and carbon reduction technologies, but tend to simplify discussions on the
sector-specific dynamics and potential of nuclear power. For the few studies that have
specifically assessed the development of nuclear power in China, they mainly concentrated
on operational and economic factors, such as cost-efficiency, public acceptance, and techno-
logical advancements. Xiao et al. investigated logistical and social constraints on nuclear
power expansion but stop short of considering how fluctuating uranium availability could
affect these dynamics [34]. Yu et al. [35] and Zhang et al. [36] assessed the deployment
of nuclear power generation technologies under different policy contexts with varying
considerations of technological advancement and price subsidies, which also neglected the
uncertainties tied to uranium resources. Therefore, there is a pressing need to plan and
analyze China’s nuclear power development considering uranium resource constraints.

This study introduces uranium resource constraints into the China-in-Global energy
model (C-GEM), a dynamic computable general equilibrium (CGE) model [37], to offer a
novel perspective for sustainable planning of China’s nuclear power and supporting robust
and reliable low-carbon energy strategies. The C-GEM model captures the interconnections
among various sectors within the economic system. By incorporating uranium resource
constraints in simulating the carbon neutrality policy scenario, the model evaluates not
only the direct impacts, such as changes in nuclear power capacity, but also the indirect
effects on carbon pricing, electricity prices, and overall economic outputs. This study can
inform strategic decisions to ensure energy security and environmental sustainability in
the face of uranium resource limitations.

2. Data and Methodology
2.1. Overview of the C-GEM Model

To examine the impact of uranium resource constraints on the development of nuclear
power in China under carbon neutrality goals, this study utilizes the C-GEM model as the
core analytical tool [38,39]. The C-GEM model, a recursive dynamic global computable
general equilibrium (CGE) model developed on the GAMS platform using the MPSGE
language, aims to provide numerical support for policy analysis by simulating and fore-
casting the interactions between economic and energy systems (Supplementary Figure S2).
Based on the latest Global Trade Analysis Project (GTAP) database [40] and China’s of-
ficial statistical data, the benchmark year of the C-GEM model is updated to 2020, with
simulations conducted in five-year intervals extending to 2060. This approach allows for
a comprehensive assessment of the complex interactions between long-term economic
activities and policy changes, making it suitable for modeling the potential impacts of
uranium resource constraints on nuclear power development over an extended timeframe.

The C-GEM model divides the world into 17 regions, with a particular focus on eco-
nomic interactions between China and its major economic partners, such as the United
States, the European Union, Japan, and South Korea, ensuring accurate simulation of the
global major economies and their interactions with China (Supplementary Table S1). Eco-
nomic activities within the model are categorized into several sectors, including agriculture,
industry, and services, with detailed modeling of energy-intensive industries and the power
sector. Specifically, for the power sector, C-GEM encompasses traditional power generation
technologies such as coal, oil, gas, and nuclear power, as well as low-carbon advanced tech-
nologies like wind, solar photovoltaics, and biomass. This detailed classification enables
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the model to effectively evaluate the contributions of different technologies to the future
energy mix.

The C-GEM model consists of static and dynamic modules. Key model equations
and parameter settings are detailed in the Supplementary Discussions. The static module
uses a nested constant elasticity of substitution (CES) production function to simulate the
economic state at a single point in time, establishing complex relationships between pro-
duction factors such as labor, capital, and energy, and both intermediate and final products.
This allows these factors to substitute for each other with specific elasticities at different
production stages. The dynamic module predicts long-term economic development paths
and policy effects by linking consecutive static evaluations. It incorporates factors such as
population growth, technological progress, capital accumulation, and improvements in
energy efficiency, illustrating the long-term impacts of policies like carbon taxes or uranium
resource constraints on economic structure and energy consumption.

2.2. Power System Simulation and Uranium Resource Constraint Modeling in the C-GEM Model

In the C-GEM model, the modeling of the power sector is intricate and comprehensive,
capturing the interactions among different electricity generation technologies and their
interplay with other economic sectors. The model simulates the power sector using nested
CES production functions, with the top-level nesting allowing for substitution between
different types of generation technologies—a flexibility crucial under policy guidance, as
shown in Figure 1. For example, as the costs of clean technologies decline and policy
support strengthens, the model can automatically transition from high-carbon-emission
coal-fired technologies to low-carbon or zero-carbon alternatives such as wind, solar, and
nuclear power. In this manner, the C-GEM model not only captures the economic dynamics
of technological substitution but also predicts the long-term impacts of policy changes such
as renewable energy subsidies on the structure of the electricity market.

Electricity output
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Figure 1. Structure of the production function for the power sector in the C-GEM model.
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For traditional technologies like thermal power generation, their CES production
function structure includes Leontief combinations of non-energy intermediate inputs and
bundles of energy—capital-labor, reflecting the fixed combinations of resources in thermal
power production and their economic relationships with other variable inputs. For resource-
intensive technologies like nuclear and hydro power, the C-GEM model identifies fuel
resources (such as nuclear fuel and water resources), capital, labor, and equipment as
critical production inputs. The distinguishing feature of nuclear and hydro power is the
Leontief function relationship between their production inputs, particularly resources, and
other inputs, highlighting the dependence of these technologies on resource availability.
The output of nuclear power is primarily determined by the availability of their resources.
Furthermore, the C-GEM model places special emphasis on simulating emission reduction
strategies, particularly the role of carbon pricing mechanisms. Detailed carbon pricing
modules within the model simulate the impacts of carbon taxes or carbon trading systems
on the power sector, assessing changes in electricity production costs and the pace of
technological transition under different carbon pricing levels.

In the C-GEM model, modeling the impact of uranium resource constraints on nuclear
power capacity is accomplished by integrating the Hotelling rule [41,42]. According to
this rule, natural resources like uranium are considered scarce, with extraction costs rising
gradually as resources are depleted. Within the C-GEM model, this principle is used to char-
acterize the economic value and extraction costs of fuel resources, reflecting the influence of
resource depletion on energy production. Uranium resources in nuclear power production
are positioned as the highest-level input in the CES production function. A Leontief pro-
duction function is employed, with an elasticity of substitution set at 0 between uranium
and other inputs such as capital, labor, and other intermediate inputs. Utilizing Leontief
production functions ensures that the distinctiveness of uranium resources is accurately
portrayed in the model. Under this model configuration, any shortage of uranium directly
constrains the output capacity of nuclear power, as these resources cannot be compensated
for by increasing other inputs like capital or labor. To model uranium resource inputs for
nuclear power, this study integrates domestic resource development expenditure data [21],
with uranium import data from The Observatory of Economic Complexity (OEC) [43].
Based on data from 2015-2019, the model determines an annual average uranium resource
input of USD 164 million (Supplementary Table S2), thereby providing the economic input
parameters for the CES production function for the benchmark year.

The resource depletion module calculates the remaining uranium resources based on
the amount of fuel consumed, and this calculation is periodically updated at set intervals.
In the C-GEM model, the time interval is set to five years, and the uranium resource
quantity R, at each time point is calculated by subtracting the uranium consumption
U,,¢—1 during the previous period from the resource quantity R,,;_; of the previous
period, as shown in Equation (1). Here, Ti represents the time interval, which is set to
5 years in this model. This mechanism reflects the direct link between the depletion rate
of uranium resources and nuclear power production activities. Over time, if the rate of
uranium consumption accelerates, the corresponding remaining resource quantity will
decrease significantly. This will not only drive up the future market price of uranium
but also increase the operating costs of nuclear power, affecting its economic viability
and sustainability.

Re,r,t = Re,r,t—l - (Ti X ue,r,t—l) (1)

This approach enables the model to precisely depict and anticipate the response of
nuclear power in the face of uranium resource constraints. For example, if the availability
of uranium resources will substantially diminish in a future time frame, the model can aid
policymakers in assessing necessary adaptive measures. These measures might involve
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augmenting investments in alternative energy sources, refining nuclear energy technologies
to enhance fuel efficiency, or reassessing energy supply structures and security strategies.
By integrating this resource depletion module, the C-GEM model can offer profound
insights into how Uranium resource scarcity impacts nuclear power capacity, costs, and its
enduring effects on the electricity market.

3. Scenario Construction

This study has devised nine detailed scenarios aimed at analyzing the effects of
diverse uranium resource quantities and utilization rates on the trajectory of nuclear
power development in China. These scenarios integrate three distinct resource quantity
levels (high, medium, low) with three utilization rates (high, medium, low), with each
combination being meticulously examined to construct a comprehensive framework for
future energy modeling.

3.1. Establishing Resource Quantity Scenarios

According to the joint report by the Nuclear Energy Agency (NEA) and the Inter-
national Atomic Energy Agency (IAEA) [21], globally known uranium resources with
extraction costs below USD 40/kg are estimated at approximately 775,900 tons (including
both reasonably assured and inferred resources), while those with costs below USD 260/kg
amount to approximately 7,917,500 tons. Given China’s dependence on imported uranium
resources and the considerable uncertainty surrounding the exact quantity of domestic ura-
nium resources from various sources, this study does not differentiate between imported
and domestic uranium resources. Current uranium market cost is notably higher than the
extraction cost alone. This market premium largely results from additional factors such
as transportation, regulatory compliance, and market demand uncertainties that are not
fully captured in our model. Further analysis is needed to incorporate these dynamics
more accurately.

Based on global uranium resource statistics, three resource quantity scenarios have
been delineated in this paper:

e  High Resource Quantity Scenario (HR): Assumes that China has access to 90% of the
global uranium reserves reported in the document, reflecting an exceedingly optimistic
resource scenario.

e  Medium Resource Quantity Scenario (MR): Assumes that 50% of the global uranium
resources are accessible for China’s nuclear power development, embodying a moder-
ately optimistic outlook.

e  Low Resource Quantity Scenario (LR): Assumes that only 20% of the global uranium
resources are accessible for China’s nuclear power development, portraying a relatively
pessimistic scenario of resource scarcity.

3.2. Setting of Uranium Resource Utilization Rate Scenarios

The setting of resource utilization rates is grounded in both current and potential
future levels of technological advancement. For instance, from 2019 to 2023, the uranium
resource consumption per TWh of electricity generation is estimated to be approximately
26.5 tons (Supplementary Table S3). At present, the uranium resource utilization rate
stands at a mere 0.6%. Through the implementation of second-generation reprocessing
technologies, such as extracting uranium and plutonium for reuse in pressurized water
reactors (PWRs), this rate could surge to nearly 1%. As fast reactor and accelerator-driven
system technologies mature, uranium utilization efficiency could reach 60% through third-
generation reprocessing and multiple recycling cycles.
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Due to the uncertainties surrounding the future development of fast reactor technology,
this study outlines three scenarios for uranium resource utilization rates:

e High Uranium Resource Utilization Scenario (HU): Envisages a swift progression
in fast reactor and reprocessing technologies, resulting in a 3% annual increase in
uranium resource utilization efficiency after 2030.

e  Medium Uranium Resource Utilization Scenario (MU): Foresees a gradual reduction
in the quantity of uranium resources consumed per TWh of nuclear power generation
post-2030, with an annual decline of 1% from the current average level. This reflects on-
going technological enhancements and the bolstering of uranium utilization efficiency.

e  Low Uranium Resource Utilization Scenario (LU): Presumes that the uranium resource
utilization efficiency remains stagnant at current levels until 2060.

Combining different scenarios of resource quantity and utilization rates, this study
has devised nine comprehensive scenarios (HR-HU, HR-MU, HR-LU, MR-HU, MR-MU,
MR-LU, LR-HU, LR-MU, and LR-LU) to thoroughly assess their impact on China’s nuclear
power development. Each scenario encapsulates a potential future trajectory characterized
by specific uranium resources and technological applications. These scenario formulations
aim to furnish a multidimensional analytical framework for scrutinizing the role of nuclear
power in future energy landscapes, particularly in the context of striving towards carbon
neutrality objectives.

4. Result
4.1. Under Uranium Resource Constraints: Power Production Structure and Uranium Consumption

In examining the role of uranium resources in contributing to China’s carbon neutrality
target, this study takes the MR-MU (medium resource quantity, medium resource utilization
rate) scenario as a representative example, reflecting a moderate assumption regarding
uranium resource availability. By integrating uranium constraints associated with carbon
neutrality targets into the model, the C-GEM model simulated the contributions of nuclear
power and other clean energy sources to achieving long-term carbon reduction targets.
Figure 2 illustrates the shifts in power production structure under the MR-MU scenario,
with a notable decrease in coal-powered generation from 4672 TWh in 2020 to nearly zero
by 2060. This reflects the systematic phase-out of high-carbon energy sources and responses
to clean energy policies. In contrast, wind and solar power increases remarkably, with
wind power rising from 447 TWh in 2020 to 3239 TWh by 2060, and solar power rising from
248 TWh in 2020 to 6670 TWh by 2060, demonstrating the expanding role of renewable
energy sources within the energy landscape.

As a low-carbon energy source, nuclear power demonstrates a consistent upward
trend throughout the simulation period, with its production increasing from 366 TWh in
2020 to 1626 TWh by 2060. This expansion not only mitigates China’s dependence on fossil
fuels but also improves energy security and sustainability. Concerning carbon emissions,
both those from the power sector and the overall emissions exhibit a downward trend
(Figure 2b). Specifically, emissions from the power sector decrease from 4.7 Gt CO, in 2020
to near-zero by 2050, and total carbon emissions linked to fossil fuel consumption decrease
from 9.8 Gt CO; in 2020 to a mere 0.8 Gt CO, by 2060, with the remaining emissions
offset by carbon sinks. Hence, by increasing the share of nuclear power and other clean
energy sources, the power generation mix can be improved, carbon emissions reduced, and
progress toward carbon neutrality supported.
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Figure 2. Changes in China’s power production structure and carbon emissions under the MR-MU
scenario (2020-2060). (a) Electricity production volumes from various sources in China from 2020 to
2060 under the MR-MU scenario. (b) Changes in CO, emissions from the power generation sector (in
red) and all fossil fuel consumption-related emissions (in blue) in China from 2020 to 2060.

The role of nuclear power in shaping the future power production structure is influ-
enced by both uranium resource quantity and utilization rates (Figure 3 and Supplementary
Figure S3). In the high-resource (HR) scenario, including HR-HU, HR-MU, and HR-LU,
nuclear power shows varying degrees of growth in both electricity generation and its
contribution to the total electricity output. Under the HR-HU scenario, nuclear power
generation grows the fastest, reaching 1927 TWh by 2060, and its share of total electricity
generation increases from 4.5% to 13.3%. In the HR-MU and HR-LU scenarios, nuclear
power also grows substantially but does not reach the same levels as in HR-HU due to
lower resource utilization rates. This finding highlights the critical role of resource uti-
lization in driving nuclear power development. In the medium-resource (MR) scenario,
which includes MR-HU, MR-MU, and MR-LU, nuclear power shows a gradual upward
trend with slower growth compared to high-resource scenarios because of more limited
resource availability.

In the low-resource (LR) scenarios, including LR-HU, LR-MU, and LR-LU, although
nuclear power generation initially shows growth, it begins to decline in the late 2050s.
This trend is particularly pronounced in scenarios with lower resource utilization (LR-LU
scenario), where the proportion of nuclear power peaks in 2035 and then declines, reaching
only 6.4% of total electricity generation by 2060. This decline shows the unsustainability of
nuclear growth under the dual pressures of limited resources and inadequate progress in
resource utilization technologies. Overall, the availability of uranium resources has greater
impacts on nuclear power development than the effective utilization rate of Uranium. While
technological optimizations can enhance utilization rates, the potential for development
remains severely constrained without sufficient uranium resources to support it.
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Figure 3. Nuclear power generation and its share in total electricity generation in different scenarios
from 2020 to 2060. (a) Variation of nuclear power generation in China under different scenarios.
(b) Changes in the proportion of nuclear power in China’s total electricity generation.

Cumulative uranium consumption and remaining reserves under various uranium
resource scenarios from 2020 to 2060 are shown in Figure 4. In the high uranium resource
scenarios (HR-HU, HR-MU, HR-LU), the initial total resource amount is over 7.0 million
tons. In the HR-HU scenario, nearly 90% of uranium resources are still preserved by 2060,
reflecting a conservative utilization approach (Supplementary Figure S4). Conversely, the
HR-LU scenario demonstrates a more aggressive resource utilization strategy, with an
annual consumption exceeding 40,000 tons by 2060, totaling 1.2 million tons consumed,
leaving 84% of uranium resources. For the medium uranium resource scenarios (MR-
HU, MR-MU, MR-LU), the initial resources total nearly 4.0 million tons. By 2060, these
scenarios exhibit more apparent resource depletion, with MR-LU consuming the most,
totaling 1.1 million tons, leaving about 73% of uranium resources. MR-HU retains the
most resources, with 82% remaining. In the low uranium resource scenarios (LR-HU,
LR-MU, LR-LU), the initial resources total only 1.6 million tons. By 2060, these scenarios
have the least remaining resources, especially the LR-LU scenario, showing the most
aggressive resource consumption pattern, with a cumulative consumption of 0.9 million
tons, leaving only 44% of uranium resources. In contrast, the LR-HU scenario exhibits a
more conservative consumption pattern, with a cumulative consumption of 0.6 million tons,
leaving 60% of uranium resources. Overall, higher initial resources combined with more
conservative utilization strategies better preserve resources, while lower initial resources or
more aggressive utilization strategies substantially deplete available resources.



Energies 2025, 18, 1507

10 of 16

. Cumulative Uranium consumption (2020—2060) . Remaining Uranium resource

8000 -

High Resource

70001~

6000 -

5000

Medium Resource

4000

3000

2000 Low Resource

1000

Cumulative Uranium resource consumption and remaining resources (Kt)

) N N N N N N N
X N ¥ X N > X N
& & & & & & & &
Scenarios

Figure 4. Cumulative uranium consumption and reserves under different uranium resource and
utilization rate scenarios from 2020 to 2060.

4.2. Economic Impacts of Uranium Resource Constraints

Within the C-GEM framework, carbon pricing is generated by setting a predefined
cap on carbon emissions and simulating the marginal cost required for the economy to
reach equilibrium under this constraint. This process reflects the cost pressures faced by the
economy in achieving government-set carbon reduction targets, resulting in the price paid
per unit of carbon emission reduction. Carbon pricing serves not only as a direct indicator
of mitigation costs but also as a crucial economic parameter for evaluating mitigation policy
effectiveness. This study demonstrates that variations in uranium resource availability
drive dynamic changes in carbon prices by influencing energy production costs, thereby
affecting the overall economic cost (Figure 5).

In the high-resource (HR) scenarios where resources are abundant, regardless of the
efficiency of resource utilization, carbon prices remain relatively close. Carbon prices
in HR-HU, HR-MU, and HR-LU scenarios range from USD 487 to 498 per ton of CO,,
reflecting ample uranium resources sustaining lower marginal abatement costs over an
extended period (Figure 5 and Supplementary Figure S5). Furthermore, the upward trend
in carbon prices reflects increasing marginal costs of carbon abatement over time and with
policy tightening, even under abundant resource conditions. Carbon prices rise in scenarios
with more constrained uranium resources, particularly under low resource utilization (LU)
scenarios, where carbon prices exceed those of other scenarios, reaching USD 501 per ton of
CO; in the LR-LU scenario, about USD 14 per ton of CO; higher than the HR-HU scenario.
This indicates an increase in the economic cost required to achieve the same emission
reduction targets under resource constraints, with resource scarcity being a primary driver
of carbon price escalation.

Uranium resource availability is a major factor in determining nuclear power prices
because it affects plants” operation (Figure 6a). In the HR-HU scenario, nuclear power
prices serve as a baseline due to favorable supply conditions and advanced technology.
In comparison, less favorable scenarios result in higher prices, with increases of 1.1%
and 2% in the HR-MU and HR-LU scenarios, respectively, by 2060. In medium-resource
scenarios, the MR-LU case shows a 6.6% increase relative to HR-HU, and in low-resource
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scenarios, price increases reach up to 22.3%. The increase in nuclear power price indicates
that limited resource availability substantially raises the marginal operating costs of nuclear
power plants.

.

y —— g e
7 %\2 Zoin

G

%8 i | 7%

High Resource Medium Resource Low Resource

Figure 5. Forecasted carbon prices under different uranium resource and utilization scenarios in 2060.

— HR-HU — HR-LU — MR-MU— LR-HU — LR-LU
Scenarios
— HR-MU— MR-HU— MR-LU — LR-MU
a. b.
25% | 0.00% -
o
5
& °
@ 2
2 3
= 20%- 2 -0.02% A
T I
£ £
e ©
"
g s
o J 2 _504%
g 15% = 0.04%
£ ©
8 o
0 €
3 3
ke 2
g 10% S -0.06%
w
3 k:
8 5
E} IS
2 5% «  -0.08%
£ g
w [ =
©
o o
o
0% - -0.10% |
: : - : : : - : : -
2020 2030 2040 2050 2060 2020 2030 2040 2050 2060
Year Year

Figure 6. Relative trends in nuclear power prices and gross domestic product (GDP) across different
scenarios (2020-2060). (a) Percentage change in nuclear power prices relative to HR-HU (high-
resource and high-utilization rate) scenario from 2020 to 2060. (b) Percentage change in China’s GDP
relative to HR-HU scenario across different scenarios.

Changes in nuclear power prices primarily affect economic development. Higher
electricity prices reduce business profit margins, limiting funds available for expansion and
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innovation, and they also decrease consumer spending as households devote a larger share
of their income to energy costs. Relative to the gross domestic product (GDP) in the HR-HU
scenario, other scenarios show varying degrees of decline in GDP. In MR and LR scenarios,
resource constraints resulting in high energy costs significantly dampen economic activity.
Particularly in the LR-LU scenario, GDP in 2060 relative to HR-HU declines by 0.064%,
approximately USD 38 billion (Figure 6b). In our model, the stronger immediate impact
of nuclear power price increases on GDP in 2050—as compared to 2060—is attributed to
the rapid emission reduction requirements post-2035, which initially exert significant cost
pressures on the economy. By 2060, these pressures are alleviated through technological
progress, energy mix adjustments, and adaptive economic responses.

4.3. Sensitivity Analysis

This study conducted a sensitivity analysis on key parameters within the C-GEM
model, revealing the significant impact of the substitutability between uranium resources
and other inputs, as well as the markup cost for nuclear power, on nuclear power output
(Nuc. Gen.), nuclear electricity price (Nuc. Elec. price), and carbon price (CO, price) in
2060 (Table 1). When the substitutability between uranium resources and other inputs
increased from 0 to 0.1, it substantially boosted nuclear power output, ranging from 5.0%
to 13.3% across all scenarios. This change indicates that enhancing the substitutability
of uranium resources effectively enhances nuclear power production capacity, especially
in high-resource (HR) scenarios, where the impact is most pronounced, reflecting the
significant role of greater uranium supply elasticity in driving nuclear power capacity
expansion. Additionally, nuclear electricity prices generally decreased by 1.2% to 3.5%, and
carbon prices also decreased by 0.2% to 0.6%, indicating that the reduction in nuclear power
costs contributes to alleviating overall mitigation costs under the carbon neutrality target.

Table 1. Sensitivity analysis of critical parameters in C-GEM modeling.

Substitution Elasticity Between

Uranium Resources and Markup Cost of Nuclear Electricity
Other Inputs
Change from 0 to 0.1 Increase by 10% Decrease by 10%

Nuc. Nuc. Elec. CO, Nuc. Nuc. Elec. CO, Nuc. Nuc. Elec. CO,

Gen. Price Price Gen. Price Price Gen. Price Price
HR-HU 12.9% —2.6% —0.3% —8.8% 0.3% 2.6% 10.2% —0.1% —2.1%
HR-MU  12.9% —2.8% —0.4% —8.5% 0.3% 2.7% 9.7% —0.1% —2.2%
HR-LU 12.9% —3.0% —0.4% —8.2% 0.3% 2.6% 9.4% —0.2% —2.3%
MR-HU  13.3% —3.2% —0.5% —8.2% 0.3% 2.5% 9.3% —0.3% —2.5%
MR-MU  13.1% —3.5% —0.6% —7.5% 0.2% 2.3% 8.3% —0.2% —2.3%
MR-LU 12.9% —3.4% —0.6% —7.0% 0.2% 2.1% 7.6% —0.2% —2.1%
LR-HU 12.2% —3.1% —0.5% —5.8% 0.1% 1.6% 5.4% —0.1% —1.4%
LR-MU 8.5% —2.0% —0.3% —3.9% 0.1% 1.0% 2.8% 0.0% —0.7%
LR-LU 5.0% —1.2% —0.2% —2.5% 0.0% 0.6% 0.9% 0.0% —0.2%

In the CGE model, the markup cost parameter of nuclear electricity influences nuclear
power’s competitiveness by adjusting its production cost, thereby determining its market
share and expansion rate in the power system. When the markup cost parameter decreases
by 10%, nuclear power output generally exhibits an increasing trend. Especially in high-
resource (HR) scenarios, the increase in nuclear power output ranges from 9.4% to 10.2%,
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higher than in moderate-resource (MR) and low-resource (LR) scenarios. This suggests that
under conditions of abundant resources, the reduction in nuclear power costs can more
effectively stimulate an increase in nuclear power output. Meanwhile, nuclear electricity
prices experience a slight decrease (approximately 0.0% to 0.3%), and carbon prices also
decrease synchronously (from 0.2% to 2.5%). Conversely, when the markup cost parameter
increases by 10%, nuclear power output shows a declining trend in all scenarios, with the
most significant decrease observed in high-resource scenarios, ranging from 8.2% to 8.8%.
In low-resource (LR) scenarios, the sensitivity of nuclear power output to cost changes
is relatively low. This could be because under conditions of limited resources, even with
cost fluctuations, the availability of uranium resources has become the primary bottleneck
restricting nuclear power growth, thus limiting the direct impact of cost changes on nuclear
power output.

5. Conclusions and Discussions

For China’s nuclear power development, uranium resource availability and efficient
utilization are critical, yet previous research has largely overlooked this aspect. Through an
examination of nuclear power development under various uranium resource scenarios and
their economic implications, this study highlights the significance of resource management
strategies in realizing long-term sustainable development objectives. The expansion of
nuclear power depends on both abundant uranium supplies and improved utilization
efficiency, which extend the lifespan of uranium reserves and support the sustained growth
of nuclear energy within low-carbon systems. Effective management of uranium resources
can reduce energy supply uncertainties, and it provides essential support for achieving
carbon neutrality.

Uranium resource constraints lead to different nuclear power growth patterns. Under
high-resource conditions (e.g., HR-HU), nuclear power expands significantly, increasing
its share of electricity generation from 4.5% in 2020 to 13.3% by 2060, which enhances
both environmental performance and energy security. In contrast, when uranium is scarce
(e.g., LR-LU), nuclear expansion peaks around 2035 and then declines, reflecting the limits
imposed by resource shortages. These constraints also drive higher carbon prices, as
shown in the C-GEM model, indicating increased economic costs for carbon abatement
when resources are limited. Effective uranium resource management and improvements
in utilization efficiency are crucial to support sustainable nuclear expansion and facilitate
a cost-effective transition to a low-carbon economy. To secure a resilient nuclear energy
sector that underpins China’s low-carbon future, targeted policy measures are needed to
guarantee a stable uranium supply and to drive innovation in nuclear fuel management.

This study has some limitations. The economic and policy environments assumed
by the current model may change in the future, affecting uranium resource demand and
the development trajectory of nuclear power. Meanwhile, although our CGE-based anal-
ysis reflects the interactions among policy, market, and economic systems, it does not
provide a detailed depiction of nuclear technology processes. Future work may consider
integrating CGE and capacity expansion models (CEMs) to comprehensively characterize
the nuclear fuel cycle and provide a more complete investigation of China’s nuclear energy
development. Additionally, our current model treats uranium as a strictly necessary and
non-substitutable resource—a limitation that may overestimate its strategic importance and
overlook potential technological innovations. Alternative strategies, such as high-efficiency
reactor designs, fuel recycling, breeder reactors, and extracting uranium from sources like
seawater, could substantially improve nuclear energy production efficiency and reduce
costs. Recent advances in nuclear reactor technology further illustrate this potential [44—47].
For example, fast breeder reactors can convert fertile U-238 into fissile plutonium [48],
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thereby extending the effective fuel supply, while accelerator-driven systems enable the
transmutation of long-lived actinides [46]. In addition, thorium-fueled reactors provide
alternative fuel cycles (e.g., Pu-Th mixtures) that could help mitigate uranium scarcity [45],
although economic challenges persist. Uranium extraction from seawater is also in the
demonstration and pilot scale phase [47]. If the technology matures and becomes eco-
nomically viable in the future, it could provide a nearly inexhaustible supply of uranium,
thereby dramatically altering uranium availability in China and shifting the strategic dy-
namics of nuclear power development. While these innovations are not incorporated into
the present study, they represent important directions for future research. Despite these
limitations, our findings offer valuable insights for nuclear energy policy planning. To
achieve carbon neutrality by 2060, policymakers should prioritize expanding domestic
and international uranium exploration to secure a stable, long-term supply, and advance
nuclear technologies—particularly those that enhance uranium recycling and reprocessing.
Regular assessments of uranium availability and utilization efficiency should be integrated
into national energy strategies, and optimizing the energy mix by combining nuclear power
with renewables such as wind and solar can further strengthen energy security and reduce
carbon emissions.
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