RESERCHAND PROSPECTOFIN-SITU UTILIZATIONOF LUNAR RESOURCES
by
Hua-Jun HU 4, Lu-Si WANG 2, Guo-Xin WANG ?, Su-Ping WANG ?, Zhong-Xian ZHAQ?,
Zhong-Wang YIN # Hai-Chun HAO®, Hai-Bin YU?, Xin-Xin LI?, Jia-Bo ZHANG **

# Beijing Spacecrafts, Beijing 100194,China
®State Key Laboratory of Intelligent Construction and Healthy Operation and Maintenance of Deep
Underground Engineering, Shenzhen University, Shenzhen 518060, China

Lunar in-situ resource utilization (ISRU) is critical for sustainable
exploration. This review analyzes three core technologies: regolith
processing, additive manufacturing, and oxygen extraction. Lunar regolith
serves as the primary source for metals, volatiles (e.g., H, 3He), and
construction materials. While carbothermal reduction and solar sintering
have reached advanced development stages, challenges remain in scaling
these technologies for efficient, autonomous operation under extreme lunar
conditions. Future development must prioritize energy optimization, system
automation, and closed-loop resource utilization to enable economically
viable lunar exploration.
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Introduction

With the continuous advancement of deep space exploration technologies and the expansion
of humanity's exploratory reach, energy supply has emerged as a core challenge. Extraterrestrial
bodies harbor exceptionally abundant resources, offering far greater spatial and material reserves than
those available on Earth. Celestial bodies such as the Moon, Mars, and asteroids possess vast spatial
and mineral resources. As Earth's only natural satellite, the Moon exhibits unique locational
characteristics, irreplaceable spatial advantages, and rich mineral and energy resources, making it an
outpost for human deep space exploration and extraterrestrial resource development [1]-[2]. As deep
space exploration missions progressively evolve from short-term investigations to sustained presence
and resource utilization, the paradigm of lunar exploration is undergoing a strategic transition from
"scientific exploration" to "resource development and utilization."

The United States, the European Space Agency (ESA), Japan, and other nations are actively
advancing unmanned autonomous surface sampling exploration activities. NASA's Artemis program
plans to establish a lunar base by 2028. In 2024, China's Chang'e-6 probe successfully had completed
humanity's first lunar far-side sample-return mission in the South Pole-Aitken (SPA) Basin [3],
achieving a sample weight of 1,935.3 grams [4]. China's Phase IV Lunar Exploration Program further
aims to conduct sampling and detection of water ice in the lunar polar regions, as well as preliminary
in-situ utilization of lunar surface resources. In 2025, China launched the Tianwen-2 probe to explore
the asteroid 2016 HO3 [5]. In 2026, China will launch the Chang'e-7 spacecraft to survey the presence
of water ice and analyze the lunar surface environment and resources [6]. Around 2030, the Chang'e-8
mission will carry a lunar regolith 3D printing system to demonstrate in-situ construction technologies,
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laying the foundation for a future lunar base.

This paper provides an overview of the current status of in-situ lunar resource utilization
technologies both domestically and internationally, and offers insights and analysis regarding future
development trends and key technical challenges.

Types and Distribution of Lunar Resources

Lunar mineral resources primarily refer to the minerals and metallic elements abundant in
lunar soil and rocks. The chemical composition, rock types, and mineralogy of lunar soil are highly
complex, with nearly every lunar soil sample consisting of multiple rock and mineral components. The
fundamental particles composing lunar soil include:

1) Mineral Fragments: Mainly olivine, plagioclase, pyroxene, and ilmenite, with specific
composition and abundance illustrated in the figure below.

2) Lithic Fragments of Primary Crystalline Rocks: Basalt, anorthosite, olivine, norite,
etc.

3) Breccia Fragments and Various Glasses: Impact melt rocks, microbreccias, impact
glasses, and yellow or black pyroclastic glasses.

4) Agglutinates: In highly mature lunar soils, agglutinates constitute a major component,
ranging from 5%~65% depending on the soil maturity, with an average content of approximately
25%~30%.

5) Meteoritic Debris: Troilite, olivine, pyroxene, cohenite, taenite, etc.

Scientists have identified all the chemical elements found in terrestrial materials within lunar
soil and rocks. However, the major elements constituting lunar materials, in order of abundance, are O,
Si, Al, Mg, Fe, Ca, Ti, and Na. The majority of these elements occur as cations within complex
silicates, oxides, or glasses formed by impact melting of rocks containing these minerals.

Therefore, the chemical composition, rock types, and mineralogy of lunar soil are highly
complex and directly correlated with their specific regional and sampling locations. Furthermore,
nearly every lunar soil sample comprises multiple rock and mineral types. For instance, lunar mare
basalts alone are categorized into four subtypes based on titanium content: very-low-titanium,
low-titanium, high-titanium, and very-high-titanium, with TiQ: concentrations ranging from 0.5% to
13%.

Lunar landing and photographic reconnaissance data indicate that nearly the entire lunar
surface is covered by a layer of regolith, as illustrated in Figure 1. This regolith comprises fragmented
materials including surface dust, unconsolidated rock debris, breccias, and glass fragments. The
average thickness of the regolith layer is approximately 4-5 meters in the lunar maria and about 10-15
meters in the highland regions. Throughout the Moon's extensive geological history, the regolith has
undergone continuous bombardment by meteoroids of varying sizes, resulting in a thickness ranging
from several to tens of meters. Estimates suggest that the helium-3 reserves within the lunar regolith
amount to approximately 7.15x10°%kg, underscoring its significant potential as a resource reservoir
[7,8].



Figure. 1 Globally Distributed Map of Lunar Regolith Thickness (m) Constructed from DEM: (a)
Nearside, (b) Farside [3]

Lunar regolith should not be regarded as homogeneous waste material, but rather as an "ore
body" containing abundant utilizable resources. Its resource enrichment is primarily achieved through
two mechanisms:

1) Endogenic Geological Processes: The regolith originates from the fragmentation of
underlying bedrock, thus inheriting the mineralogical and chemical composition of the source rocks.
For instance, regolith in lunar mare basalt regions is rich in metallic elements such as iron (Fe),
titanium (Ti), and manganese (Mn), primarily existing in minerals like ilmenite, olivine, and pyroxene.
In contrast, highland regolith is enriched with aluminum (Al), calcium (Ca), and silicon (Si) elements,
derived from the brecciation of anorthosite.

2) Exogenic Implantation Mechanisms: Due to the absence of a protective atmosphere and
global magnetic field, solar wind particles can be directly implanted into the surface layers of regolith
grains (typically to depths less than 1 micrometer). After billions of years of continuous implantation,
the lunar regolith has become a repository for solar wind volatiles, such as hydrogen (H), helium-3
(3He), carbon (C), and nitrogen (N). These elements serve as crucial feedstocks for producing water, air,
carbon-based materials, and future nuclear fusion energy.

In summary, broadly defined lunar regolith represents the most accessible and widely distributed
"mineral resource™ on the Moon. The vast majority of proposed resource utilization schemes—whether for
extracting solar wind volatiles, smelting metals, or producing construction materials—directly utilize
regolith as the primary raw material. Consequently, subsequent technologies for large-scale extraction and
in-situ utilization fundamentally revolve around the central challenge of processing this core resource in an
efficient and economically viable manner.

In-Situ Resource Utilization (ISRU) Technologies for the Moon

In-situ resource utilization (ISRU) technologies represent the fundamental enabler for
sustainable lunar exploration and the future operation of a lunar base. Based on the current research
and development landscape, primary challenges, and emerging trends, key ISRU technologies
primarily encompass in-situ processing and storage of bulk samples, lunar regolith 3D printing, and
in-situ oxygen production.

In-Situ Processing Technologies for Lunar Regolith and Rocks

Given the prevalent use of non-contact analytical instruments in extraterrestrial exploration,
which typically impose stringent requirements on sample flatness, particle size, and quantity, while
rock specimens—though of higher scientific value due to their evolutionary history—present
significant challenges in surface weathering mitigation, sampling, and in-situ processing, the
development of in-situ sampling and processing technologies for extraterrestrial rock samples has
become a critical component of in-situ exploration. These technologies play a decisive role in ensuring



the quality of subsequent sample analyses and the accuracy of final detection results. Space agencies
including the United States, Russia, and the European Space Agency have already planned in-situ
sampling analyses of rocks and boulders on Mars and asteroids. Notably, NASA's Curiosity and
Perseverance rovers have accumulated extensive first-hand Martian exploration data through years of
operation, demonstrating the broad application prospects of such technologies in future deep space
exploration. Beyond crewed lunar missions, the United States, ESA, Japan and other nations are
actively advancing unmanned autonomous surface sampling activities, with Mars being a primary
target. Various surface soil and rock sampling devices have been developed, including notable
examples such as the Phoenix, Viking, Beagle 2, Rosetta, Spirit, and Opportunity missions. These
systems primarily employ autonomous/semi-autonomous sampling methodologies, generally
categorized into surface collection and drilling techniques, with most focused primarily on regolith
acquisition.

Figure. 2 Space surface soil and rock sample collection device: a) Viking Mars lander sampling
mechanism [9], b) MSR sampler and sample packaging device [10],c) CE-5 drilling and
sampling device system composition and principle diagram [11], d) VIPER sampling device and
detection principle [12], e) ExoMars rock crusher [13], f) Perseverance Mars rover cuttings
sampling device [14]

Lunar Regolith 3D Printing Technology

Currently, the sintering, melting, and forming of lunar regolith are essential steps in
numerous potential in-situ resource utilization (ISRU) processes. In recent years, lasers, microwaves,
and concentrated solar energy have been demonstrated as viable energy delivery methods for the lunar
environment. Among these, concentrated solar energy, particularly in the form of Selective Solar
Sintering technology, stands out due to its significant advantages. Multiple research institutions in the
United States, Europe, China, and other regions are now actively engaged in the development of lunar
regolith 3D printing technologies, with specific research achievements summarized in the figure

below.
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Figure. 3 3D Simulation System for Lunar Soil: a) American solar sintering system, b) American
Fresnel lens printing system [15], c) European solar sintering experimental system [16]

A comparative analysis of the aforementioned international efforts in lunar regolith 3D
printing reveals that sintering techniques utilizing large-spot, high-power thermal sources currently
represent the mainstream approach and prevailing trend. However, significant variations persist in
critical process metrics, including forming rate, processing efficiency, and the mechanical properties of
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the sintered components.
In-Situ Oxygen Production Technologies on the Moon

A sustainable supply of fuel and oxygen is essential for establishing an extraterrestrial
human settlement on the Moon. In-situ oxygen production constitutes a critical element for supporting
future lunar base life support systems and propellant supply. This section systematically reviews the
current research progress of four primary technological pathways for oxygen production: molten
regolith electrolysis, carbothermal reduction, thermal decomposition combined with solid-state
electrolysis, and catalytic processes. These methods exhibit distinct characteristics in terms of reaction
principles, energy requirements, system complexity, and extraction efficiency, while also sharing
common challenges such as material durability, energy consumption control, and system integration.

Lunar regolith in-situ oxygen production technology has progressed from conceptual
research to the engineering verification stage. Among these, molten regolith electrolysis and
carbothermal reduction demonstrate the highest technological maturity, approaching readiness for
lunar surface application. In contrast, thermal decomposition and artificial photosynthesis, as emerging
pathways, offer unique advantages in energy efficiency and system integration.Key future
development priorities include:

Energy Consumption Optimization: Developing highly efficient solar concentration and
thermal management technologies to reduce electrical power demand.

System Lightweighting and Automation: Adapting systems to the extreme lunar environment
and requirements for unmanned operations.

Closed-Loop Resource Utilization: Utilizing by-products of oxygen production (e.g., metals,
silicon) for construction and energy supply, thereby enhancing overall resource utilization efficiency.

Table. 2 In-Situ Oxygen Production Technologies on the Moon

Reaction Oxygen
Technical route Representative Office temperature/conditio extraction Main challenges
ns efficiency
Molten Electrolysis - ° Specific data not High energy consumption and
(MRE) Blue Origin >1600°C, powered on disclosed poor material corrosion resistance
Carbothermic . 1200-1800°C, carbon Carbon cycle, byproduct
reduction Sierra Space source required Target 70% separation
High-temperature University of Science and .
decomposition/solid Technology of China, 1000-1400°C 3Sérgﬂfg§dnﬁt§s Thermal mgtr;?)gi;ﬁrtnent, system
-state electrolysis Northeastern University ' Y
Catalvsis University of Science and Room temperature, Laboratory Catalytic efficiency depends on
Y Technology of China light validation phase H-O/CO: input
Conclusion

This study synthesizes the current landscape and strategic directions for lunar in-situ resource
utilization (ISRU), leading to the following conclusions:

ISRU constitutes the foundational enabler for sustainable lunar operations. The technological
maturity achieved in core domains—particularly in oxygen production via carbothermal reduction and
molten electrolysis, and manufacturing through solar-based sintering—nhas transitioned key processes from
theoretical validation to prototype testing under lunar-analog conditions. This progression demonstrates the
technical feasibility of establishing resource-independent infrastructure on the Moon.

Lunar regolith represents a multifunctional resource matrix. Its dual role as both a raw material
for construction (through additive manufacturing) and a source of vital elements (volatiles for life support,
metals for manufacturing, and oxygen for propulsion) creates a synergistic resource ecosystem. The
successful integration of these utilization pathways will fundamentally reduce Earth-dependence and enable



scalable exploration architectures.

Significant technological hurdles remain in system-level implementation. While individual
processes have shown promise, challenges persist in energy efficiency optimization (particularly in
managing thermal processes), automation reliability under extreme environmental constraints, and
materials compatibility with abrasive regolith. The transition from laboratory demonstrations to engineered
systems capable of operating continuously in the lunar environment represents the next critical
development phase.

Future progress hinges on integrated technology development. Priorities include closed-loop
system design, adaptive control for regolith variability, and modular architectures. International
collaboration will accelerate progress through shared testing and standardized interfaces.

The systematic advancement of ISRU technologies will not only enable sustainable lunar
exploration but also establish the technical framework for future human missions to Mars and beyond,
ultimately paving the way for long-term human presence in deep space.
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