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Since the 20th century, humanity has entered the era of deep - space
exploration. The Moon, being close to Earth, is a key target. Building a lunar
base is crucial for space exploration and resource use, but requires a reliable
energy system. Existing lunar energy system plans usually concentrate on one
or two techs and lack a full - scale analysis of long - term, stable, and adequate
energy solutions. This review fills the gap. First, it analyzes lunar environmental
conditions like extreme temperature swings, vacuum, and radiation. Then, it
offers a detailed historical look at lunar exploration, emphasizing progress from
Apollo, Luna, and Chang'E. Next, it delves into eight key lunar-base-suitable
energy systems: photovoltaic, solar thermal, thermal, controlled nuclear fusion,
nuclear fission reactors, radioisotope thermoelectric generators, fuel cells, and
electrostatic power. It carefully weighs each system’s pros and cons regarding
energy efficiency, environmental adaptability, and technological viability. Finally,
it suggests a phased strategy, integrating different technologies for various
base - building stages, aiming to provide a comprehensive framework for future
lunar energy system design.

KEYWORDS

lunar environment, a brief history of lunar exploration, energy construction of lunar
bases, lunar energy, in-situ resource utilization

1 Introduction

With the dawn of the 21st century, the enthusiasm for lunar development has surged
exponentially among the global community, propelling countries worldwide to hasten
the pace of lunar exploration and development initiatives. Serving as a crucial outpost
for delving into the depths of space, the construction of a lunar base holds undeniable
strategic significance. In the wake of the iconic Apollo program of the United States
and the Luna program of the former Soviet Union, space agencies in China, the United
States, the European Union, Japan, India, and other nations have embarked on a new
wave of lunar exploration programs. The primary focus of most of these lunar exploration
endeavors lies in targeting special substances such as lunar mineral resources, water
resources, and volatile gases.This pursuit is driven by the aspiration to unravel themysteries
shrouding lunar evolution and life science, thereby laying a solid foundation for future
human utilization and development of the Moon (Xie et al., 2020a). Undoubtedly, the
energy system represents one of the most formidable challenges in the design of a lunar
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base. For any manned extraterrestrial outpost, a reliable and
continuous supply of electric power is indispensable to operate a
diverse array of thermal control and life support systems, thereby
enabling human habitation in the otherwise inhospitable space or
planetary environment (Liu et al., 2025).

The special environment of the moon has a significant impact
on the construction of the energy system. First, the moon lacks
an atmosphere and magnetic field, resulting in solar radiation and
cosmic rays directly irradiating the surface, requiring the energy
system to have strong radiation protection capabilities. Secondly,
the temperature difference between day and night on the moon is
extremely large, reaching 127°C during the day and dropping to
−183°C at night (Heiken et al., 1991), which poses a severe challenge
to the material and stability of the energy system. In addition, the
gravity of the moon is only one-sixth of that of the earth, which
poses special requirements for the structural design and stability of
the energy system. Finally, the surface of the moon is covered with a
large amount of fine dust, which is easy to adhere to solar panels
and other equipment, affecting its power generation efficiency.
Therefore, the energy system needs to consider dust protection and
cleaning mechanisms. Therefore, the extreme environment of the
moon poses special requirements for the design, material selection,
and protective measures of the energy system.

The operation of lunar landers, rovers, and other equipment
demands a substantial amount of energy. Currently, their energy
supply mechanisms are designed to be “self-sufficient” (Deng et al.,
2012). During the lunar day, efficient solar panels and batteries
are deployed to meet the energy requirements of various lunar-
based equipment. As night falls on the Moon, the built-in energy
power devices, such as radioisotope batteries, come into play to
power a select few essential equipment, while the non-essential
ones enter a “sleep” mode. The energy supply device conserves
energy by providing only the necessary insulation, resuming full
operation when the lunar day returns. However, the existing
monthly energy supply methods are marred by a short lifespan and
limited power output, rendering them suitable only for small-scale
lunar activities. With the continuous expansion of lunar exploration
projects, relying solely on solar cells or small-scale radioisotope
thermoelectric power generation will prove inadequate to meet
the escalating energy demands of lunar exploration activities,
especially those of lunar bases (Council et al., 2009). Although
the research and exploration into lunar energy system construction
have been relatively nascent, the past few decades have witnessed
a plethora of significant scientific and technological experiments.
These experiments, which encompass lunar-based nuclear power
generation systems (Briggs et al., 2018), lunar-based solar power
generation systems (Gläser et al., 2018; Criswell, 2004), and chemical
power supply system. Such studies and experiments serve as vital
references for assessing the feasibility of establishing energy systems
on the moon.

In this comprehensive review, we present a detailed account
of the lunar environment, including the vacuum environment,
temperature conditions on the lunar surface and within the lunar
soil, cosmic rays and solar radiation, micrometeoroid impacts, dust
environment, and low-gravity environment. We also conduct an
extensive review of the historical lunar exploration activities and
the future of various countries in this regard. Subsequently, we
meticulously analyze eight energy systems deemed suitable for lunar

bases, namely Photovoltaic (PV) Power Generation System, Solar
Thermal Power Generation System, Thermal Power Generation
System, Controlled Nuclear Fusion Reactor Power, Nuclear fission
reactor power supply, Radioisotope power Generation system, fuel
cell system, and electrostatic power generation. The advantages and
disadvantages of these energy systems are scrutinized in detail.
Finally, we propose energy system combinations corresponding to
the three stages of lunar base construction, with the aim of providing
a guiding framework for the development of more reliable and
efficient sampling devices and lunar base energy infrastructure. This
review focuses on the technical feasibility and systemic integration
of energy solutions, while economic considerations such as launch
costs and ISRU-driven logistics will be addressed in future scenario-
based studies. This study prioritizes the technical interoperability
and environmental resilience of energy systems, whereas broader
mission architecture aspects—such as launch economics, ISRU
scalability, andmaintenance logistics—are acknowledged as vital but
reserved for subsequent phase-specific analyses.

2 Lunar environment

The Moon (Shown in Figure 1), Earth’s closest celestial neighbor
in extraterrestrial space, holds a unique position in humanity’s
exploration endeavors. With a minimum one-way communication
delay of approximately 1.211 s and a maximum of 1.352 s from
Earth, it allows for relatively real-time exploration through
lunar probes. This proximity has enabled us to gain a more
profound understanding of its environment compared to other
celestial bodies (Hwu et al., 2008). However, despite being Earth’s
sole natural satellite, the lunar environment diverges significantly
from that of our home planet, rendering many terrestrial power
systems inapplicable. For instance, the absence of wind and hydro
resources on the Moon precludes the use of wind and hydro power
generation systems that are commonplace on Earth. Consequently,
an exhaustive study of the lunar environment is of paramount
importance for the successful establishment of a lunar-based
energy system.

2.1 Solar energy resources

The lunar surface, being approximately at the same distance
from the Sun as the Earth, perceives a solar flux essentially as
that in the Earth’s orbit, full energy spectrum including Ultraviolet
and X-ray components (Roosendaal et al., 2020). The Moon has
negligiblemagnetic field and atmosphere, its surface pressure ranges
from 10 to 7 during the day and to 10–10 Pa at night. This means
that the energy of sunlight shining on the surface of the moon
is strong and unobstructed. It has long been known that there
are highly illuminated regions (HIRs) near both the north and
south poles of the Moon that are almost continuously in sunlight
(Bussey et al., 2005). The small tilt of the Moon’s axis to the ecliptic
plane (1.5° versus 23.5° for Earth) (Allen, 1973a) makes quasi-
continuous illumination possible near the poles (Beer and Mädler,
1837). Near the poles the Sun moves around within a few degrees
of the horizon, so local topography will determine how close to
continuous the illumination of solar panels of a given height will be.
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FIGURE 1
Image of the Moon’s surface.

In practice, the total area of the HIRs at ground level is small, of the
order a few km2 (Gläser et al., 2018). However, Ross et al. (2023) also
showed that highly illuminated area grows substantially with even
modest elevation. The moon has abundant solar energy resources.

2.2 Thermal environment resources

The thermal environment of the moon, also known as the
temperature environment of the moon surface, is formed by a
combination of multiple factors, including direct sunlight, reflection
of the lunar surface, and infrared radiation from the lunar surface.
During the lunar daytime, the direct radiation intensity of the sun
can reach 1358 W/ m2. On the lunar orbit, the variation in direct
sunlight intensity from dawn to dusk is only about 1%. However,
during the midnight period of the moon, the direct illumination
intensity of the sun will significantly decrease, reaching 0. Less than
10% of the solar energy shining on the lunar surface is reflected
into space. Due to the influence of solar radiation, the temperature
of the lunar surface will undergo significant changes in the same
dimension but at different times, as well as in the same time but at
different dimensions. The highest temperature on the lunar surface
can reach 127°C, while the lowest temperature can drop to −183°C,
resulting in a temperature difference of up to 310°C on the lunar
surface (Harrell et al., 2021). Nevertheless, temperatures of different
areas will vary greatly depending upon whether they are in sunlight
or shadow and throughout the year because of varying distance
from the Sun (Williams et al., 2017).

During the period of 1971–1975 (Nagihara et al., 2018), Apollo
15 conducted tests on the soil temperature of the moon. The data

showed that when the temperature probe was at depths of 0.35, 0.49,
and 0.84 m, the temperature at these depths exhibited significant
fluctuations over time. However, the degree of these fluctuations
gradually decreased with increasing depth, indicating that although
the impact of the alternation between day and night on temperature
weakened with depth; After the depth of the temperature detector
reaches 0.91 m, the alternating changes of day and night have little
effect on the temperature at that depth, and the temperature can
be considered to remain constant over time. The data (Shown in
Figure 2) from the Apollo 17 temperature probe further indicates
that when the depth of the temperature probe exceeds 1.3 m, the
formation temperature will remain constant at −16 to −17.5°C,
with a fluctuation range of less than 2°C. In summary, due to
the extremely low thermal conductivity of lunar soil and rocks,
it can be considered that when the burial depth of lunar soil
and rocks exceeds 1 m, the temperature of the formation remains
constant regardless of whether it is during the day or night of
the moon, and can be regarded as a constant temperature layer
(the temperature of the constant temperature layer varies with the
latitude of the lunar) (Heping et al., 2020).

2.3 Gravity, radiation, and micrometeoroid

The volume of the moon is only 1/49 of that of Earth, and
the gravity is only 1/6 (Ouyang, 2005). The Moon perceives
many types of ionizing radiation: large fluxes of low-energy solar-
wind particles, smaller fluxes of high-energy galactic cosmic rays
(GCR), and rare but occasionally intense particle fluxes emitted
by solar flares or solar cosmic rays (SCR). Most observations
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FIGURE 2
(a) The landing of Apollo17 (Hill et al., 2007) (b) Schematic diagram of measuring thermal properties of lunar regolith and rock by Apollo (c) The
variation of temperature measured by Apollo 15 and 17 with probe depth (Nagihara et al., 2018).

about lunar radiation are a collection of measurements collected
by instruments on spacecraft beyond the Earth’s magnetosphere;
these observations are representative of what impinges the Moon.
Annually the Moon receives about 106 kg of interplanetary
micrometeoroids (ranging from 10 nm to about 1 mm in size)
at impact speeds of 10∼72 km/s (Grün et al., 2011). This is a
huge challenge for the energy system built on the surface of the
moon. Especially for PV power generation systems that require
large-scale installation.

According to the current research on lunar samples returned,
it is found that the difference between lunar soil and earth soil is
pronounced. The particle forms of lunar soil are diverse, including
approximate spherical, irregular angular, long strip, sawtooth and
other geometric shapes. Unlike the earth’s soil formation process
under the combined weathering of air, water, and organisms, the
lunar soil is produced by pure mechanical fragmentation under
meteorite impact, volcanic eruption, and extreme temperature
differences between day and night, which results in lunar soil’s
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physical and mechanical properties being utterly different from
Earth soil (Slyuta, 2014; Katagiri et al., 2015). It has been
demonstrated that within 800 mm depth, the lunar soil can produce
a relative density difference of nearly 40% by self-gravity alone
(French et al., 1991). In addition, the physical and mechanical
properties of the lunar soil can also vary significantly by region. For
example, the bearing capacity of the lunar soil at the crater rim is
about five times lower than that of the horizontal area or the crater
slope (Slyuta, 2014; Mitchell et al., 1972; LI et al., 2021). Except for
a few meteorite impact craters with exposed rocks, the entire lunar
surface is covered with lunar soil, with an average thickness of 5 m
in the lunar sea area and about 10 m in the lunar land area. The
composition of lunar soil ismainly composed of crushed stones, rock
debris, glassymaterials, angular gravel (Taylor et al., 2019), etc.With
a loose structure and extremely low thermal conductivity.

2.4 Lunar soil, dust, and terrain
characteristics

It is worth noting that the surface layer of lunar soil is covered
with a layer of lunar dust (Lihua et al., 2012). The thermal
conductivity is about 0.9∼1.6 mW/(mK), The density is about
700∼1,500 kg/ m3. The thermal conductivity of lunar soil at a
depth of about 0.5 m is slightly higher, approximately 0.01 W/(m
K). The heat capacity of lunar soil is about 600 J/(kg K). The soil
samples collected by Apollo astronauts have been studied in detail
and indicated that the major components of lunar surface dust
are oxides of silicon (SiO2–42.1%), aluminum (Al2O3–13.0%), iron
(FeO–17.4%) calcium (CaO–11.3%), magnesium (MgO–8.0%) and
titanium (TiO2–7.2%) (Taylor et al., 2010; Tripathi et al., 2006).
Although it is a small lunar soil particle with a particle size less
than 20 µm, the impact of lunar dust on lunar exploration cannot
be ignored (Grün et al., 2011; Noble, 2007). Due to the lack of
atmospheric protection on the surface of the moon, the charged
particle flow of the solar wind can cause dust to generate static
electricity, which can easily form clusters and adsorb on the surface
of detection instruments and space suits, making it difficult to
remove. During the landing and return process of the lander and
return module, many exploration activities will be severely affected
by lunar dust. When lunar dust covers the surface of the instrument,
it may cause various faults, such as mechanical structure blockage,
sealing mechanism failure, reduced sensitivity of optical systems,
component wear, and thermal control system failure (Horányi et al.,
1998). When lunar dust accumulates on the surface of solar panels,
it directly affects the power generation efficiency of solar cells (Cain,
2010; Zakharov et al., 2020; Zelenyi et al., 2021). Therefore, for lunar
exploration missions, landers or rovers need to be equipped with
appropriate dust removal devices to reduce the harm caused by
lunar dust.

The terrain characteristics of the lunar are highly complex. From
a macro perspective, the lunar surface includes various landforms
such as craters, highlands, lunar seas, cliffs, and gullies. From a local
perspective, there are also soft lunar soil, slopes, small craters, and
clustered objects (such as stones) on the lunar surface. The slopes
of high mountains, cliffs, and steep slopes on the inside of impact
craters on the lunar surface are generally greater than 30°, while the
slopes on the outside of impact craters are relatively gentle, generally

less than 25°.The overall terrain of the lunar highlands is undulating,
with an average slope of less than 30°, while the surface of the lunar
sea area is relatively flat, with a maximum slope of up to 17°. The
surface of the lunar is also exposed with a large amount of rock
fragments, which are generally less than 25 cm in diameter. The
complex environment on the lunar surface has a significant impact
on the establishment of lunar based energy systems.

2.5 Water resources on the moon

In terms of water source distribution, the polar regions of the
Moon can be regarded as “treasure troves of water ice”. Affected
by the unique illumination conditions, the bottoms of some craters
are deeply immersed in permanent shadows. The low-temperature
environment (as low as −230°C or even lower) causes the water
vapor introduced by comet impacts to freeze, thus allowing a large
amount of water ice to be preserved. Data from detectors such
as the Lunar Reconnaissance Orbiter has revealed that the water
ice at the bottom of some craters in the Antarctic region can
be several meters thick, with a considerable reserve. In the lunar
soil at low latitudes, water is adsorbed on the surfaces of mineral
particles in the form of hydroxyl groups, which is derived from the
combination of hydrogen injected by the solar wind and oxygen
in the lunar soil. Although it is dispersed and the content in a
single location is low, due to its extensive distribution, it cannot be
underestimated as a whole (Feldman et al., 1998; Prettyman et al.,
2006). Recently, in January 2022, Chinese scientists announced the
discovery of water molecules in the lunar soil samples brought
back by Chang’e−5. Their analysis showed that each ton of lunar
soil contains approximately 120 g of water, while each ton of lunar
rock contains approximately 180 g of water (Lin et al., 2022). These
findings have overturned the long-held view that the Moon is
completely devoid of water and have opened new possibilities for
lunar exploration and resource utilization.

3 A brief history of lunar exploration

In 1,609, Galileo first used a telescope to observe the moon,
marking the official recognition of the lunar as a planetary body in
modern scientific investigation (Galilei, 2016). Since then, people
have been using telescopes to observe the near side of the moon
(Whittaker, 1999). However, most of our understanding of the
geological evolution of the moon and the entire solar system has
been obtained through the direct investigation of space probes in
the past half century or so (Read, 1993; Spohn et al., 2014).

Until the Cold War period from 1958 to 1976, humanity entered
the first wave of lunar exploration. The United States and the
Soviet Union launched a space technology competition centered
on lunar exploration, obtaining valuable scientific information and
elevating human understanding of the lunar to unprecedented
heights (Weigang et al., 2020; Gao et al., 2022).

The United States launched 54 lunar probes during the Cold
War, of which the most notable was the Apollo series of lunar
probes. The Apollo project carried out 17 flight missions (Table 1)
over more than 10 years (Jerde, 2021). The Apollo project originally
planned to achieve the first human-crewed lunar landing in 1969,
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TABLE 1 “Apollo” series lunar exploration missions.

Mission name Launch time Exploration method Result

Apollo 1 1967.01.27 Human-crewed flight Failure

Apollo 7 1968.10.11 Orbiting the earth Successful

Apollo 8 1968.12.21 Orbiting Successful

Apollo 9 1969.03.03 Orbiting Successful

Apollo 10 1969.05.18 Orbiting Successful

Apollo 11 1969.07.16 Soft landing Successful

Apollo 12 1969.11.19 Soft landing Successful

Apollo 13 1970.04.11 Soft landing Failure

Apollo 14 1971.01.31 Soft landing Successful

Apollo 15 1971.7.26 Soft landing Successful

Apollo 16 1972.04.16 Soft landing Successful

Apollo 17 1972.12.07 Soft landing Successful

Note, Apollo 2 and 3 were for ground testing; Apollo 4, 5, and 6 were uncrewed test flights.

but the failure of Apollo 1 caused the original launch plan to
be disrupted (Kauffman, 1999). The United States will convert
subsequent human-crewed spacecraft into uncrewed spacecraft to
test their safety and technical performance. Apollo 7 was the first
successful crewed mission of the Apollo project, and its successful
launch restored National Aeronautics and Space Administration
(NASA)’s confidence in crewed space flight and in landing on the
Moon before 1970. As the fifth human-crewedmission in the Apollo
project, Apollo 11 achieved the first human-crewed landing on the
Moon and completed the first sampling return of extraterrestrial
celestial bodies in human history (Orloff andHarland, 2006). Apollo
12, 14, 15, 16, and 17 were successful human-crewed landings
soon, sent 12 astronauts to the Moon, collected about 381.7 kg
of moon soil and rock samples, and greatly enriched the human
understanding of the Moon (Richards, 2019).

During the same period, the Soviet Union also made some
noteworthy achievements in the field of moon exploration. The
Soviet Union launched 64 moon probes during this period, among
which the most scientific significance was the Luna series of
moon probes (Siddiqi, 2000). The Luna project launched 24 lunar
probes between 1959 and 1976 (Table 2). In this stage, moon flyby
exploration, orbiting exploration, in situ landing exploration (hard
landing and soft landing), landing roving exploration, and sampling
return exploration were carried out. Remarkable success has been
achieved, achieving most of the “firsts” in the history of moon
exploration: the first moon probe (Luna 1); the first hard landing
on the Lunar (Luna 2); the first photograph of the back of the Moon
(Luna 3); the first soft landing on the Moon (Luna 9); the first lunar
orbiter (Luna 10); the first uncrewed lunar sampling return (Luna
16) and first lunar rover exploration (Luna 17) (Slyuta, 2021; Harvey,
2006). The Soviet Union’s lunar landing probes have successfully

landed on the lunar surface seven times: Luna9 and Luna13 are only
in situ explorations around the landing site by the lander. Luna 17
and Luna 21 carried Lunar Rover 1 and Luna Rover 2, respectively,
for roving and exploration on the lunar surface. Luna 16, Luna 20,
and Luna 24 successfully collected 301 g of lunar soil samples with
sampling tools and transported them back to Earth, enriching the
lunar data (Slyuta, 2021).

During this prosperous period, 22 lunar exploration projects
have been implemented, of which only three have failed, one has
been partially successful, and the rest have been successful. The
success rate is much higher, indicating that human lunar exploration
technology has made great progress (Pei et al., 2020).

Following the Luna 24 mission in 1976, there was almost
a 20-year gap in lunar exploration, only broken in the 1990s
when the Hiten, Clementine and Lunar Prospector spacecraft flew
to the Lunar and heralded a renewed era of lunar exploration.
Although pioneering from a space technology standpoint (Uesugi,
1993), the Japanese Hiten probe and its associated dust detection
instrument did not reveal significant new information about the
Moon. On the other hand, the Clementine (Nozette et al., 1994)
and Lunar Prospector (Binder, 1998) orbital missions proved crucial
by providing global mineralogical and geochemical maps of the
lunar surface.

China’s lunar exploration project started late (Weiren et al.,
2019). Since 2007, the China National Space Administration has
launched seven lunar probes, all of which have been successful.
The corresponding exploration missions are shown in Table 3.
Among them, Chang’e−4 (Shown in Figure 3) achieved the first
soft landing on the far side of the moon, continued to explore
deeper information on lunar geology and resources, and improved
the lunar archives (Li C. et al., 2021). On the basis of a certain
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TABLE 2 “Luna” series lunar exploration missions.

Mission name Launch time Exploration method Result

Luna 1 1959 Hard landing Failure

Luna 2 1959 Soft landing Failure

Luna 3/4 1959 Flyby All successful

Luna 5/6/7/8 1965 Soft landing All failure

Luna 9 1966 Soft landing Successful

Luna 10/11/12 1966 Orbiting All successful

Luna 13 1966 Soft landing Successful

Luna 14/15 1968/1969 Orbiting All successful

Luna 16 1970 Soft landing Successful

Luna 17/18 1970 Soft landing Successful/Failure

Luna 19 1971 Orbiting Successful

Luna 20 1972 Soft landing Successful

Luna 21 1973 Soft landing Successful

Luna 22 1974 Orbiting Successful

Luna 23/24 1974/1976 Soft landing Failure/Successful

TABLE 3 “Chang’E″ series lunar exploration missions.

Mission name Launch time Exploration method Result

Chang’E−1 2007.10.24 Orbiting; Hard landing Successful

Chang’E−2 2010.10.1 Orbiting Successful

Chang’E−3 2013.12.2 Soft landing Successful

Chang’E−5 T1 2014.10.24 Orbiting Successful

Chang’E−4 2018.12.8 Soft landing Successful

Chang’E−5 2020.11.24 Soft landing Successful

Chang’E−6 2024.06.02 Soft landing Successful

understanding of the lunar environment and geological conditions,
Chang’e−5 and Chang’e−6 successfully sampled the lunar surface
and returned it to Earth, making China the third country after
the United States and the Soviet Union to return lunar samples
(Lin et al., 2024; Li et al., 2024).

Besides the United States, the Soviet Union, and China, other
countries have also achieved success in lunar exploration. Hiten
from Japan tested the technology of orbit control using lunar gravity
and aerodynamic braking technology for entering the Earth Moon
space, which is a validation of the technology required for future

lunar and planetary exploration (Uesugi et al., 1991). The Smart-1
lunar probe of the European Space Agency has detailed the terrain
and mineral distribution map of the lunar surface, with a focus on
the polar permafrost regions where water is most likely to exist
on the lunar surface (Foing et al., 2006). India’s Chandrayaan-3
successfully landed on the southernmost polar region of the moon
for the first time (Kanu et al., 2024).

To explore the moon at a deeper level, countries around the
world have launched their follow-up lunar exploration programs.
Although the Luna 25 launched by Russia failed, they are still
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FIGURE 3
An overview of the Chang’e−5 mission (Xiao et al., 2021).

confident that a new lunar probe will be produced within
2–2.5 years. The United States announced that Artemis plans to
return to the moon in 2017, plans to return astronauts to the
moon in 2024, and establish a permanent or semi-permanent lunar
exploration base in 2030 (Wang et al., 2020b). Coincidentally, on
21 May 2021, the European Space Agency said that it will land
on the moon by 2025 and establish a lunar base (Yu et al., 2021).
To build an unmanned lunar research base by 2030, China has
identified the remaining exploration missions of the Chang’e plan:
Chang’e 7 will comprehensively explore the moon’s terrain, material
composition and space environment. In addition to continuing
scientific exploration of the moon, Chang’e 8 will also conduct
surface tests on some key technologies, such as using 3D printing
technology to build a base with lunar soil (Li et al., 2019; Jianghui
and Su, 2020).

4 Analysis of single energy systems

The energy system is of paramount importance to the
functioning of a lunar base and is a core requirement in its design.
Consequently, energy supply is the first issue that must be addressed
when establishing a lunar base. The power sources used in human
space activities mainly include radioisotope thermoelectric power
generation, chemical power sources, solar photovoltaics power
generation, solar thermal power generation systems, and nuclear
thermal power generation systems, etc. (Palos et al., 2020; Liu et al.,
2023; Zhang et al., 2022; Guzik et al., 2017). According to the
source of their energy, we classify various power generation systems
into three types: chemical energy, nuclear energy, and solar energy
generation systems, shown in Figure 4.

Solar energy is a clean and sustainable energy source that
poses no pollution or waste issues (Kannan and Vakeesan, 2016).
The cost of solar panels is relatively low, and the technology is
also mature. Once successfully deployed, the maintenance cost is
low. Solar panels can be designed as foldable and expandable,
enhancing transport and installation efficiency. However, the lunar
day-night cycle lasts approximately 27.3 Earth days (Gurevich, 1967;

Habibullin et al., 1974), rendering solar energy unavailable during
the lunar night and potentially resulting in power interruptions.
Additionally, lunar dust can accumulate on solar panels, negatively
affecting their efficiency, necessitating further design considerations
for cleaning or protective systems (Zakharov et al., 2020). The
extreme temperature fluctuations on the lunar surface (with day-
night variations reaching hundreds of degrees Celsius) can also
impact the stability and lifespan of solar panel materials. In
summary, solar power generation systems are suitable as the primary
energy source during the day. However, due to the absence of
sunlight during lunar nights, they are inadequate as the sole power
supply. It is imperative to incorporate energy storage systems or
alternative power sources to ensure a continuous power supply.

Nuclear energy generation systems can provide enduring and
stable electricity, unaffected by sunlight conditions, and are capable
of supplying continuous power during the lunar night, making
them suitable for long-term research tasks (Sovie and Bozek, 1990).
However, nuclear systems require highly stringent safety controls to
prevent radiation leaks and entail high installation and maintenance
costs. Establishing a nuclear power system on the Lunar may also
pose radiation pollution risks, particularly during maintenance or
malfunctions. Additionally, the heavy weight of nuclear fuel and
reactors results in high transportation costs for launching them
to the Moon. In summary, nuclear power generation systems are
suitable for long-term use, especially under conditions requiring
continuous power during lunar nights devoid of sunlight; however,
their radioactive safety and transportation costs necessitate careful
consideration.

Chemical energy systems, such as batteries, are simple and
easy implement, requiring no processes. For short, chemical power
provides stable electricity and be designed to meet specific energy
demands and discharge rates, thereby satisfying power needs.
However, the total capacity of chemical batteries is limited, they are
relatively heavy, and once depleted, they generate waste that, if not
properlymanaged,may contaminate the lunar environment,making
them suitable for short-term tasks rather than long-term operational
research bases. In summary, chemical systems are appropriate for
short-term research tasks or as emergency backup power sources,

Frontiers in Astronomy and Space Sciences 08 frontiersin.org

https://doi.org/10.3389/fspas.2025.1609140
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org


Lei et al. 10.3389/fspas.2025.1609140

FIGURE 4
The main types of aerospace power sources.

rather than serving as the primary power source for long-term
research bases.

It could be seen that whether it was a chemical power source, a
nuclear power generation systemor a solar power generation system,
they all had their own unique features and inevitable flaws. To better
serve the lunar base and provide a stable and continuous energy
supply for scientific research equipment, it was necessary to make
full use of the advantages of each power generation system andmake
up for its disadvantages.

4.1 The solar energy on the moon

The surface environment of the moon is very different from that
of Earth, with a gravitational force of only 1/6 that of Earth and a
vacuum degree of up to 1.01× 10−12 Pa (Xie et al., 2020a), there is no
obstruction from the atmosphere or clouds, and sunlight can directly
reach the surface of themoon.The rotation angle of themoon is very
small (Allen, 1973b), making quasi continuous illumination near
the poles possible. This results in the lunar surface receiving up to
12 trillion kilowatts of solar energy within a year. Such enormous
energy is equivalent to 25,000 times the total energy generated
by various energy sources consumed by the Earth in a year (Beer
and Mädler, 1837). Therefore, the utilization and development of
solar energy play a crucial role in the construction of lunar energy.
The main development methods for lunar solar energy include PV
power generation system, solar thermal power generation system
and Thermoelectric power generation system.

4.1.1 Photovoltaic power generation system
PV power generation system is an energy type that directly

converts solar energy into electrical energy using the photoelectric
effect of materials. This system is widely used in various fields
of human society, and most spacecraft designs also use it as the
main energy source (Papež et al., 2021). The first use of PV power
generation systems was on the Vanguard 1 satellite launched by
the United States in 1958 (Li J. et al., 2021). One of the first

proposals of powering a Lunar base only with an unaided PV system
appeared in 1990s (Hickman et al., 1990). In the 3 decades since, PV
technology has made considerable progress, and today’s space solar
cells offer practical-state multi-junction cells with efficiencies up to
32% (Kaczmarzyk and Musiał, 2021). In the lunar environment, the
absence of the atmosphere will make the PV system more favorable,
and the power generation will be greatly increased, with the work
weight ratio as high as 350 W/kg (van Leest et al., 2019). There
are usually two ways to improve the power generation efficiency
of a PV power generation system: one is to increase the power
generation efficiency of the PV power generation system, and the
other is to increase the duration of light exposure to the PV power
generation system.

The solar power generation technology has gone through
the first generation of crystalline silicon solar power supply.
This generation of solar power supply uses single crystal or
polycrystalline silicon as raw materials, which has the advantages
of rich raw materials, mature technology, and low cost. However,
there are shortcomings such as large battery thickness, low efficiency,
and poor radiation resistance. The market share of monocrystalline
silicon solar cells in the PV market accounts for about 90%
(Dambhare et al., 2021). The second-generation thin-film solar
power supplies are made of amorphous silicon, cadmium telluride,
and copper-zinc-tin sulfide compounds (Kheraj et al., 2013). These
raw materials have the advantages of light weight, good radiation
resistance, and low cost. However, the second-generation thin-film
solar power supplies still have shortcomings such as low efficiency
and short lifespan. At present, the third generation of solar power
uses concentrated solar power (shown in Figure 5). This generation
of solar power combines the advantages of the first and second
generations of solar power, making up for the high cost of the first
generation of solar power and the low conversion efficiency of the
second generation of thin filmbatteries. It also has the characteristics
of rich raw materials, safety and environmental protection. The
theoretical efficiency limit for an infinite-junction cell is 86.6% in
concentrated sunlight (Green, 2003).
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FIGURE 5
(a) Schematic drawing of a 3J solar cell (b) range distribution of protons in the 3J solar cell calculated from SRIM (c) Structure of 3J solar cell model
used by Shin-Ichiro Sato (Sato et al., 2009).

Of course, improving processes and finding higher quality
optoelectronic materials are effective ways to improve the efficiency
of solar power generation, but they are not the only means. For
example, positioning solar arrays even 2 m (7 feet) above the surface
significantly increases the duration of illumination (Gläser et al.,
2018). Amia K. Ross et al. (Ross et al., 2023) demonstrated that
the HIRs near the lunar South Pole have a maximum solar power
potential ranging from several to tens of megawatts when utilizing
panels mounted on towers up to 20 m in height. Because of the
topography of the HIRs in the South Pole region, the maximum
power attainable varies by up to a factor of two through a lunar
day, and is symmetrical so that the highest value repeats roughly
every 14 days. If much taller towers could be built, up to 2 km in
height, then the maximum solar power from the HIRs in the South
polar region rises to of order several gigawatts. Figure 6 shows the
average illuminance at different heights in the South Pole region
of the Moon.

In addition, Jeffrey M. Gordon proposed an idea of
uninterrupted PV power for lunar colonization without the
need for storage. The proposal here is to install PV arrays
across a 360° latitudinal ring at high latitude and installing
transmission lines to the O2 factory. Estimates indicate that
this idea can meet the continuous power supply demand of
around 10 MW (Gordon, 2022).

The power generation efficiency from the PV panels highly
depends on the orientation of the panels and inclination angle
(Colozza, 2020).Moreover, the continuously varying solar incidence
angle on the solar panel surface significantly changes the panel
output power (Mintz et al., 2010). To solve this problem, Colozza,
A. et al. proposed a fixed 60-degree tent-shaped array that can
maintain a flat power distribution throughout the day. But this
scheme provides only 42% of the output power compared to solar
tracking arrays (Colozza, 2009). Another approach for solar array
configuration is given in (Bintoudi et al., 2019), where a triangular
shape of three arrays on a tower is proposed showing increased
solar irradiation harnessing throughout a year. For most locations
on the Moon, solar power is available during the 2-week-long day
and then unavailable for the 2-week-long night. However, near the
poles, there are crater interiors that are in permanent shadow and
peaks that are illuminated nearly continuously (Mazarico et al.,
2011). Shown in Figure 7, this discovery reveals an interesting
possibility that if we establish lunar bases in polar regions, we can
utilize these permanent light areas to obtain a continuous stream of
solar energy (Speyerer et al., 2016).

4.1.2 Solar thermal power generation system
Solar thermal power generation system is a device that uses solar

energy to heat and expand the working fluid, and drives a turbine
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FIGURE 6
Average illumination at 0, 10, 100, 500, 1,000, 2,000 m, X and Y coordinates in km (Ross et al., 2023).

FIGURE 7
Permanently shadowed regions shown in color over a grayscale map of the average incident flux over four precession cycles. For each pole (a, north;
b, south), the red color indicates the 150 largest PSRs. The smaller PSRs are displayed in cyan (Mazarico et al., 2011).

to generate electricity in the form of high-pressure gas (Hu et al.,
2021). This system generates electricity by converting solar energy
into mechanical energy and then converting mechanical energy
into electrical energy. Photothermal power generation systems are
generally composed of collectors, heat engines, and generators. In
recent years, they have been widely used in the civilian field, but
their development in space applications is relatively slow. Compared
with PV power generation, photothermal power generation systems
have the advantages of high efficiency and long lifespan. They
directly utilize the thermal energy of solar radiation, making it easy
to achieve cogeneration. There is no atmosphere on the surface
of the moon, and there is a significant temperature difference
between the illuminated and shaded areas. In addition, lunar
regolith heat storage coupled with abundant solar energy resources

on the Moon is an excellent solution for the sustainable energy
supply of lunar base and relevant energy conversion and supply
systems have been proposed and studied (Toro and Lior, 2017;
Mazzetti et al., 2019).

Garcia conducted a preliminary design study of the viability
of a megawatt-class power plant based on concentrated solar
thermal energy by means of high concentration parabolic dishes
and appropriate volumetric receivers is considered (shown in
Figure 8). This consists of standalone power plants operating under
optional thermodynamic cycles including the closed Brayton cycle,
Rankine cycle, and combined cycles operating with and without
heat storage as source and heat sink energies. The results show
that it is feasible to utilize local resources to establish lunar solar
power station (Garcia, 2012).
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FIGURE 8
Parabolic Dish Collector (PDC)-based power plant structure for Lunar applications: (a) direct thermal coupling and (b) indirect thermal coupling
(Garcia, 2012).

Climent et al. conducted a Thermal Energy Storage system,
which can run a heat engine during the lunar night to produce
electricity. When the Sun is shining on the Moon’s surface, the
system can run the engine directly using the solar power and
simultaneously heat a thermal mass. This thermal mass is used as
a high temperature source to run the heat engine during the night
(Climent et al., 2014). Patrick et al. (Fleith et al., 2020) proposed
a mathematical model of Thermo-Electric Generator (TEG) power
generation system based on in situ energy utilization. In this system,
the heat storage process is achieved by heating a modified lunar
regolith with a Fresnel collector to raise its temperature during the
lunar daytime, and the stored heat is then converted to electricity by
TEG at night.

X Li et al. proposed an elaborate dish solar thermal power system
based on lunar regolith heat storage is proposed to provide energy to
the lunar base during the lunar day and night (shown in Figure 9).
A theoretical model is established using finite-time thermodynamic
analysis, and the primary irreversible losses of the Stirling cycle are
considered. The effects of collection temperature, mass and initial
temperature of the thermal energy storage, and radiator area on
the system performance are analyzed and discussed. A case study
of the system shows that the output power and efficiency of the
system gradually decrease whether on lunar days or nights. The
average output power during the lunar day and night is 10.8 kW
and 7.0 kW respectively. The system can achieve a high total energy
efficiency of 48.0% (Li et al., 2023). This work reveals that the
proposed system has the potential to supply energy to the lunar
base continuously and efficiently, providing a scheme for the energy
supply system of the future lunar base.

Based on in situ resource utilization (ISRU), Dinghua Hu
et al. established a solar energy storage power generation system.

An efficient linear Fresnel collector is configured for solar
concentration. The thermal energy reservoir (TER) coupling with
Stirling power generator is designed using the fuel tanks of descent
module and lunar regolith. A comprehensively theoretical model
based on finite time thermodynamics is developed to analyze the
energy flow and efficiency of thermal storage power generation
system, and the major irreversibility are considered. The results
show that the designed system can produce an average power of
6.5 kW during the lunar night with 19.6% utilization efficiency
of collected solar energy in the daytime. The evaluated launch
mass of designed power system has a competitive advantage
than those of nuclear reactor power and photovoltaic-battery
power systems (Hu et al., 2021).

Palos et al. conducted a trade-off analysis on a lunar
thermoelectric plant based on ISRU-based system to store heat
and generate electricity for lunar missions with both robotic
and human activities. The outcome of the trade-off analysis
provides a selection of the most suitable technologies to use in
an ISRU-based heat storage and electricity generation system
(Palos et al., 2020).

Based on this, Liu, Z et al. proposed a closed Brayton cycle
and organic Rankine cycle combined power generation system and
explored its operational performance throughout the entire lunar
solar process. The results indicate that the combination of He-Xe
and toluene has the best performance among numerous working
fluid combinations. The thermal efficiency of the system can reach
33.82%, and the heat exchange area of the radiator is 970.99 m.
Combined with supercritical CO2, the thermal efficiency increases
by 5.2% and the heat exchange area decreases by 8.5%. In addition,
during nighttime conditions, the Brayton cycle system stopsworking
for 7.75 Earth days, which can maximize the power generation
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FIGURE 9
(a) Schematic diagram of lunar solar thermal power generation system based on thermal energy storage (TES) (b) the average output power of lunar
day (c) the highest temperature of TES and the total energy efficiency (Li et al., 2023).

capacity of the coupled system, with a power generation capacity
of 94.8 MJ (Liu et al., 2022).

Moon soil constant temperature layer Magnetic levitation
power generation technology is based on the principle of organic
Rankine working fluid cycle, using magnetic levitation technology,
turbine technology, and permanent magnet power generation
technology to convert mechanical energy into electrical energy. Due
to the absence of mechanical losses in traditional turbine power
generation, magnetic levitation power generation technology is
more than 10% more efficient than traditional organic Rankine
cycle power generation technology. At present, magnetic levitation
power generation technology is mainly used to achieve effective
utilization of high-temperature waste heat and has not yet been
applied in medium and low-temperature heat sources. Based on
this, Xie, et al. proposes a lunar temperature difference magnetic

levitation power generation technology and implementation
concept that fully utilizes the temperature difference between the
lunar thermocline and the lunar soil and rock. The principle is
shown in Figure 10 (Xie et al., 2020b).

4.1.3 Thermoelectric power generation system
Thermoelectric power generation system is an energy type that

directly converts thermal energy into electrical energy using the
Seebeck effect of thermoelectricmaterials. Due to its simple working
principle and no internal moving parts, it has the advantages of high
reliability, pollution-free, long service life, and noise free (Lee et al.,
2016). Following Figure 11 shows a simplified schematic diagram
of a thermoelectric power generation system, which can output
electricity with heat input at TH (cold side heat dissipation at TC).
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FIGURE 10
(a) Concept of lunar temperature difference maglev power generation technology (b) Schematic diagram of a single thermosiphon.

FIGURE 11
Thermoelectric generation by Seebeck effect (schematic), from Ref
(Rowe, 2018).

The special operational characteristics of the lunar result in a
relatively fixed pattern of solar radiation heating on its surface. The
temperature changes at any position on the lunar surface are almost
the same during each day and night alternation period (Malla and
Brown, 2015), Moreover, due to the small thermal conductivity
of lunar soil, the temperature of lunar soil at a certain depth has
remained approximately unchanged (Zu-Fen et al., 2016), Whether
it is day or night, there is a maximum temperature difference of
up to 100°C in the lunar soil, Utilizing the natural temperature
environment of the lunar surface and using thermoelectric power
sources to provide electricity during lunar nights is an ideal energy
supply solution for lunar bases.

Therefore, based on a thorough investigation of the special
properties of lunar soil and rocks on the surface of the moon, and
taking full advantage of the large temperature difference between
day and night on the moon, many teams have proposed the
concept of in situ energy supply technology for the moon, and
designed lunar based temperature difference thermoelectric power
generation technology and lunar based temperature difference
maglev power generation technology and implementation concepts,
in order to provide stable, durable, and large-scale in situ energy
guarantee for lunar based equipment and related activities, and
thus provide relevant technical support for lunar exploration
activities (Xie et al., 2020b).

A former member of Spaceship EAC came up with the idea of
designing a thermoelectric generator using the regolith that can be
found on the Moon, shown in Figure 12. A solar concentrator could
heat a block of regolith on one side, thus playing the role of the heat
source of the generator. On the other side, loose regolith would play
its role as the cold sink. In his work, he found out that when the
hot part of the generator was at around 500 K, the heat loss was
acceptable for a 52 h’ time frame, which corresponds to the night
duration in the South Pole of the Moon (Lozano, 2016).

Xie Heping et al. proposed a lunar based in situ energy
support technology concept that utilizes the temperature difference
between the lunar soil and rock constant temperature layer and
the lunar surface to generate electricity shown in Figure 13. They
designed a lunar thermoelectric material thermoelectric power
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FIGURE 12
Proposed thermal energy storage model.

FIGURE 13
Operating principle of temperature difference based thermoelectric power generation system. (a) Daytime operation principle. (b) Night operation
principle.

generation technology and implementation concept. He system
directly utilizes thermoelectric materials to achieve continuous day
night thermoelectric conversion. The device is designed with three
layers of heat sharing plates connected by heat pipes to solve
the problem of insufficient heat transfer caused by poor thermal
conductivity of the lunar soil surface. It continuously converts the
radiation energy (daytime) and thermal energy (nighttime) of the
lunar soil into electrical energy, which can almost meet the needs of
all space energy systems (Xie et al., 2018).

Besides, the development of thermoelectric for space
application will also benefit humankind on earth, since

studies have revealed that more than 60% of the worldwide
energy is pointlessly lost, mostly as heat waste, which could
be used by such generators to provide sustainable energy
(Zhang and Zhao, 2015).

4.2 Nuclear power generation

A nuclear reactor power generation system is a device that
utilizes nuclear fission (or fusion) reactions to generate heat energy,
which is then converted into electrical energy. Unlike PV and
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solar thermal power generation systems that rely on solar energy
for power generation, nuclear reactor power generation is not
affected by external environmental changes and has the ability
to continuously supply power during the day and night of the
month, especially in terms of high-power power supply, with
outstanding weight advantages (Ying et al., 2020). It is considered
the most ideal, reliable, and even the only solution for providing
electrical and thermal energy in lunar bases and other deep space
exploration missions (Yao et al., 2016). At present, the main forms
of nuclear power generation are: controlled nuclear fusion power
supply, fission reactor power supply and isotope thermoelectric
power supply.

4.2.1 Controlled nuclear fusion reactor power
The nuclear fusion power generation system is a process that

combines light nuclei (such as isotopes of hydrogen) into heavier
nuclei (such as helium) and releases a large amount of energy
(Takeda and Pearson, 2018). This process can simulate the energy
generation in the sun’s core, providing clean and sustainable energy
for humanity. Nuclear fusion has high energy density, huge reserves,
environmental friendliness, and profound development potential.
It is the best energy source to support future production and life
of human society (Morse, 2018), and also one of the most ideal
energy sources for establishing a lunar base. The fusion process
of greatest research interest combines the nuclei of two isotopes
of hydrogen: deuterium and tritium fusion. Each fusion reaction
releases a neutron, which can be used to heat steam to drive
a turbine and generate electricity. The reason why fusion is not
presently a source of power generation is that the energy input for
the heating and confinement exceeds the energy output for current
reactor designs.

3He has been a focus of lunar nuclear fuel extraction for many
years nowdue to the relative rarity of 3HeonEarth, and the favorable
characteristics of the two potential fusion reactions that it can
sustain (Bruhaug and Phillips, 2021).When reacted with deuterium,
the deuterium-3He (D3He) fusion reaction only produces charged
particles in the primary chain (D + 3He! 4He + p +18:3 MeV)
and is considered an advanced potential fusion fuel that requires
more extreme conditions than the current fusion fuel of focus,
deuterium-tritium (DT). Secondary reactions during the burn of
D3He do make neutron radiation, but far less than the other more
near-term potential fusion fuels. D3He fuel has an energy density
of 3.53E+08 MJ/kg (Simko and Gray, 2014; Atzeni and Meyer-ter-
Vehn, 2004), which is the highest of all nuclear reactions that are
commonly considered for energy production.

Lunar 3He is deposited in the soil from the solar wind and
is found at ∼4.2 ppb or 0.007 g/m3 of lunar regolith on average
(Simko and Gray, 2014; Crawford, 2015) with higher concentrations
on the order of 20 ppb found in Mare Tranquillitatis and Oceanus
Procellarum due to the rich titanium deposits found there. Volatiles
such as 3He are expected to be roughly evenly deposited through
the first couple meters of lunar soil due to the slow churn of the
lunar surface.

Extrapolating from analyses of samples returned from the
Apollo 11 mission ,3He has accumulated in the regolith to
a concentration as high as 20.5 parts per billion (by weight)
in undisturbed titanium-rich areas of Mare Tranquilli Tara
(Schmitt and Armstrong, 2006). On this basis, the lunar could

hold a million metric tons of 3He (Kulcinski, 2000). One
hundred kilograms of 3He fused with 67 kg of deuterium
could generate 1,000 MW of electricity for a year (Schmitt and
Armstrong, 2006). Just 44 tons of 3He would meet the current
annual electricity needs of the United States of about 4 TW h
(U. S. A. Energy Information Administration, 2017). Similarly,
about 220 tons of 3He could supply the world’s present annual
electricity generation requirements of about 20 TW h (ENTERING
and GAS, 2011). The total lunar resource of one million tons of 3He
could therefore meet current global electricity generation needs for
about five thousand years. If such a huge amount of energy can be
utilized by a lunar base, then the lunar base will no longer have to
worry about energy.

Although building a nuclear fusion power generation system
on the moon has many advantages, it also has many disadvantages.
First, it is difficult to build. The temperature difference between
day and night on the moon is huge, and it is difficult to create
extreme temperature conditions. The vacuum environment requires
high equipment sealing, heat dissipation and material performance.
The complex lunar terrain makes site selection and construction
difficult. Second, transportation and logistics support are difficult.
The long distance between the earth and themoon leads to high cost
and long cycle of material transportation and personnel round trip,
and it is also difficult to establish a logistics support system. Third,
the technical maturity is low. Nuclear fusion technology on earth is
still developing, and it needs to be optimized to adapt to the lunar
environment, and there is a lack of experience in lunar construction.
Fourth, the safety risk is high, the radiation hazard is large, and the
accident rescue and handling are also extremely difficult.

4.2.2 Nuclear fission reactor power supply
The space fission nuclear reactor power supply is a device

that comprehensively utilizes the thermal energy generated by the
nuclear fission reaction process, mainly composed of a reactor,
thermoelectric conversion system, radiation shielding system, and
waste heat discharge system (Bennett et al., 1996). Compared with
other types of energy systems, space nuclear reactor power supply
has the characteristics of high power, long lifespan, strong survival
ability, and can work all day (Bennett et al., 1996). It also has
a wide range of applications in the space field and is considered
the most ideal energy type for lunar bases and other deep space
exploration missions (Yao et al., 2016). Since the 1960s, the United
States has conducted extensive research on space nuclear reactor
power supplies for the Lunar and Mars bases, proposing various
representative design schemes (Upton et al., 1991;Mason et al., 2008;
King and El-Genk, 2006; Poston, 2001). For example, the “Heat-
pipe-Operated Mars Exploration Reactor” system developed by the
United States for Mars bases has an output power of 3 kW and a
total mass of 2.13 t (Poston, 2001). The Affordable Fission Surface
Power System has an output power of 40 kW and a total mass of 8.8 t
in a fully integrated solution (Mason et al., 2008). In 2018, a 1 kW-
kilopower reactor was tested at Nevada National Security Site. The
reactors consist of sodium heat pipes to transfer the heat generated
from the highly enriched uranium core to Stirling engines. This
successful test has prompted the technology to increase the power
level from 1kW to 10 kW. Several 1 or 10 kW units can be grouped
to create a modular power generation system. In these modules, the
uranium reactor cores need to generate 43 kW of thermal power
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FIGURE 14
System-level testing of kilowatt reactor using stirling technology at NASA Glenn Research Center (Briggs et al., 2018).

to generate 10 kW of electrical power and transfer the heat to the
power conversion system through sodium heat pumps (Gibson and
Schmitz, 2020).

In recent years, countries such as Russia, China (Yao et al., 2016),
and Japan have also carried out corresponding research work. To
avoid environmental pollution and radiation damage to personnel,
the reactormust consider shielding and protection against neutrons;
To ensure the safety of the reactor and improve energy conversion
efficiency, liquid metals with good thermal conductivity and large
heat capacity are often used as cooling working fluids, and even
multi-stage cooling is required.These necessary designs have led to a
significant increase in the weight of the power system. Yao Chengzhi
et al. proposed a nuclear power supply system scheme that uses
Stirling conversion, liquid metal Li cooling of the core, K heat pipe
radiator heat dissipation, lunar soil shielding, and rotational control
drumcontrol reactivity.The analysis results show that the system can
generate electricity with a power output of 40kWe, a thermoelectric
conversion efficiency of 23%, and a lifespan greater than 8 years,
which can meet the power needs of the lunar base, as well as safety
and lifespan requirements (Yao et al., 2016).

Under the Kilo-power project, a NASA and Department of
Energy team designed, built and tested a space-relevant 1 kW-class
fission reactor, shown in Figure 14, with technology that is extensible
to about 10 kw (Briggs et al., 2018; Gibson et al., 2018). The Kilowatt
Reactor Using Stirling Technology (KRUSTY) test included an
enriched UMo core, BeO neutron reflector, Na heat pipes, and free-
piston Stirling engine converters. Nuclear testing at the Nevada
National Security Site revealed a reactor power system that was
robust, well-behaved, predictable, self-regulating, and multi-fault
tolerant. In addition to satisfying all test objectives, the project
showed that a flight-like fission power system could be developed
quickly and affordably. A flight version of the l kW test prototype
has a system mass of about 400 kg.

Building on the success of the KRUSTY test, Space Technology
Mission Directorate hopes to flight demonstrate a 10 kW-class
fission power system on the lunar surface in the mid-to late-2020
sunder the Technology Demonstration Mission (TDM) Program.
The initial concept has an estimated mass of 1,500 kg including a

circumferential radiation shield surrounding the reactor core. The
system could be integrated with a mid-size lander and operated on
the lunar surface for at lunar least 1 year. The mission concept is still
being formulated, but could include provisions to power an ISRU
demonstration plant and recharge mining rovers that supply raw
material to the plant. Some of the key objectives for the fission power
TDM include nuclear launch approval, launch and landing survival,
remote start-up, extended operations, standby and partial power
automated operations, and adherence to specified radiation limits at
established boundaries where sensitive equipment would be located.
Most importantly, a successful fission power demonstration would
give mission planners greater confidence to use the technology for
later human missions on the moon.

Uranium is a commonly used nuclear material. However,
the nuclear waste generated from uranium combustion is highly
radioactive, challenging to manage and store, and requires
thousands of years to decay to safe levels. Natural uranium resources
are limited and primarily concentrated in a few countries, with
significant mining and refining costs, as well as environmental
pollution. In response to these challenges, Schubert (2019) proposed
using thorium as a raw material for nuclear reactors, given that
the lunar contains abundant thorium resources. If this resource
can be concentrated and converted, it may provide fuel for
nuclear reactors that can be launched without any radioactive
material. Additionally, high-density nuclear fuel derived from
local lunar resources would help to reduce the launch weight of
each reactor.

At present, the power supply system of nuclear fission reactors
still has problems such as high weight, low mass to power ratio,
weak system self-operation ability, high accident risk, and significant
accident impact. However, it is still one of the best choices for energy
construction on lunar bases.

4.2.3 Radioisotope power generation system
Radioisotope thermoelectric generator (RTG) is one of widely

used power sources for deep space and celestial bodies explorations
which has been developed for >60 years. RTG is a device that
generates electricity using heat released by the natural radioactive
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FIGURE 15
RTG design with circumferential alignment of thermo-electric modules (Hong et al., 2016).

decay of isotopes, typically plutonium-238 (Tailin et al., 2023). The
heat is converted into electricity through thermocouples, which
are solid-state devices that can convert heat directly into electrical
power without moving parts. RTG consists of three main parts: heat
source, transducer, and heat sink. The heat source of this battery
is composed of radioactive isotopes, which release heat during the
decay process and are safely encapsulated in a metal casing. The
entire RTG system effectively dissipates heat through an external
radiator and creates a temperature difference on the intermediate
thermoelectric power generation module. Through the Seebeck
effect, this temperature difference can drive the thermoelectric
power generation module to generate direct current, achieving the
conversion of nuclear energy into thermal energy and then into
electrical energy (Prelas et al., 2014). The typical structure of a
thermoelectric battery is shown in Figure 15.

During the development of radioactive isotope batteries,
different types of nuclear batteries have been formed. According
to different energy exchange methods, they can be divided into
two types: thermal conversion type and non-thermal conversion
type. Among them, thermal conversion type nuclear batteries
convert the decay heat released by the spontaneous decay of
radioactive isotopes into electrical energy, and can be divided
into dynamic and static types based on the presence of movable
energy exchange components; Non thermal conversion refers to
the direct or secondary conversion of charged particles or decay
energy generated during the decay of radioactive isotopes into
electrical energy, which can be further classified into various types
of nuclear batteries based on different conversion principles, as
shown in Figure 16. It is worth mentioning that various types of
nuclear batteries have their own advantages and disadvantages, but
overall, non-thermal conversion nuclear batteries have relatively
low conversion efficiency, and their application scope mainly
involves precision electronic devices (Xiaoyi et al., 2020), as shown
in Table 4.

Radioisotope power systems (RPS) have a distinct advantage
for operating in the lunar environment and had been used
successfully during the Apollo missions. Utilizing isotope fuel
allows independent operation from the Sun and does not
require energy storage batteries as a main nighttime power

source. However, a smaller battery could provide load leveling
for certain episodic operations requiring power above the
baseline power output. This would allow a smaller RPS unit
minimizing amount of isotope required. The Curiosity rover
utilizes this approach where the Multi-Mission Radioisotope
Thermoelectric Generator (MMRTG) can charge the battery to
support events requiring power loads above the MMRTG output
(Cataldo et al., 2018).

Another advantage is the heat generated by the natural decay
of an isotope. This heat can be easily channeled to components
requiring specific operating temperatures such as electronic parts
and batteries via heat spreaders or active cooling loops such as that
on Curiosity rover. The waste heat would eliminate the need for
electric heaters and the mass associated with the additional battery
power. The lunar thermal environment will affect the RPS electrical
output such that the higher effective radiator sink temperature
will lower the power output. Figure 4 shows the estimated
power output between lunar day and night for the MMRTG
and enhanced-Multi-Mission Radioisotope Thermoelectric
Generator (e-MMRTG) (Cataldo and Woerner, 2016). The power
swing for the e-MMRTG is about 2–3 We and about 5–6
We for the e-MMRTG.

4.2.4 Safety and waste management for lunar
nuclear systems 

Radiation Shielding:The lunar regolith rich in iron and titanium
can be sintered into a radiation shielding barrier around the
reactor. Yulia Akisheva et al. (Akisheva and Gourinat, 2021) used
NASA’s OLTARIS simulation tool and found that the combination of
“compressed regolith (5 g/cm3) + aluminum+ polyethylene” has the
best protection effect against GCR and SPE, which can significantly
reduce the radiation dose of astronauts. For radiation protection, it
is recommended that the thickness of the regolith cover should be at
least 70 cm.

Passive Safety Design : Liquid-metal-cooled reactors (e.g.,
sodium-potassium alloys) utilize freeze-proof seals that
automatically isolate leaks in vacuum conditions.

Waste Disposal : Short-term solutions include burying spent
fuel in permanently shadowed craters to minimize cosmic ray
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FIGURE 16
The types and principal classification of radioisotope batteries.

TABLE 4 Advantages and disadvantages of other nuclear batteries and their application range.

Type Advantages and disadvantages Application scope

Ion pair equation Significant radiation damage AI devices, small unmanned devices

Thermionic type Low efficiency Machines, micro robots

Direct charging type Mismatch between electric field and particle energy distribution Micro-Electro-Mechanical Systemsetc.

Indirect conversion formula Significant self-absorption effect

Thermal photovoltaic type High efficiency

TABLE 5 The technology readiness levels (TRLs) of three lunar energy systems.

Technology  TRL  Key Challenges  Potential deployment Timeline 

Solar Photovoltaics 8–9 Dust mitigation, long-term degradation 2030s (short-term missions)

Fission Reactors 5–6 Miniaturization, autonomous operation 2040s (permanent base phase)

Fusion Energy 3–4 Plasma containment in low gravity Post-2050 (speculative)

interaction. Long-term proposals involve encapsulating waste in
radiation-resistant ceramics and ejecting it into heliocentric orbit via
lunar mass drivers.

4.3 Technology readiness levels (TRLs) and
deployment prioritization 

The maturity of energy technologies has a significant impact
on their deployment feasibility. Table 5 summarizes the Technology
Readiness Level (TRL) assessments of three lunar energy systems.

Systems with higher TRLs (e.g., solar) are prioritized for
near-term missions, whereas nuclear solutions require further
prototyping in simulated lunar environments.

4.4 Fuel cell system

Fuel cell is a power generation device that can directly
convert chemical energy stored in fuel and oxidants into electrical
energy. It has the characteristics of high energy conversion
efficiency, pollution-free, and high specific power (Anahara et al.,
1993). As humans face increasingly serious energy shortages and
environmental pollution issues, the advantages of fuel cells have
become increasingly prominent, triggering a widespread research
boom and achieving practical applications worldwide. Especially
in the field of space applications, the development of various new
spacecraft in recent years has provided a wide range of application
backgrounds for fuel cells (Guzik et al., 2017). As early as the
1960s, hydrogen oxygen fuel cell systems (Shown in Figure 17)
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FIGURE 17
Principle of operation of hydrogen–oxygen fuel cell (Depeng
et al., 2017).

were already used as the main power supply system on spacecraft
such as the American Gemini manned spacecraft, the Apollo lunar
landing spacecraft, the Russian lunar orbiter, and the Blizzard
spacecraft (Depeng et al., 2017).

At present, hydrogen oxygen fuel cells are the main application
in the space field, with proton exchange membrane fuel cells
being the mainstream for subsequent development and application
(Barbir et al., 2005). In recent years, a renewable fuel cell system has
been developed based on hydrogen oxygen fuel cells, combined with
water electrolysis technology and PV power generation technology,
to solve the problem of limited working time of fuel cells due to
carrying fuel. Its specific energy can reach up to 400-1000 Wh/kg,
which has obvious advantages over traditional batteries (Bizon et al.,
2015). Renewable fuel cells can achieve the recycling of material
and energy, output both electrical and thermal energy, and provide
excess water for astronauts to drink, making them particularly
suitable for lunar bases (Jan et al., 1993).

European Space Agency has proposed a regenerative fuel cell
system working on the lunar surface. The proton membrane
exchange fuel cell is adopted, which is compact, firm, and has
a long life. The specific energy potential of the fuel cell is
greater than 500 W/kg, and the peak power can reach 12.8 kW
(Barbera et al., 2014). Giacoppo et al. (Giacoppo et al., 2019).
designed, manufactured and tested a 2-kW polymer electrolyte fuel
cell stack.Under the operating temperature and pressure of 75°C and
3 bar, the stack efficiency was 52%, and the voltage and current were
57.8 V and 48 A respectively. An experimental fuel cell from the
University of Illinois that is based on hydrogen peroxide rather than
water has demonstrated an energy density of over 1,000 Whkg−1

with a theoretical limit of over 2,580 Whkg−1 (Luo et al., 2008).

4.5 Emerging energy transmission
technologies 

4.5.1 Electrostatic power generation
Overmanymillennia, the constant bombardment of meteoroids

with the lunar surface has pulverized the regolith into fine particles.

Combined with the lack of both a lunar atmosphere and a
magnetic field, the result is negative charging of the fine dust
by continuous bombardment of electrons and protons from solar
winds. These negatively charged fine particles can be charged to a
critical level up to several thousand volts of static electricity. The
electrostatically charged particles can cause arc damage and short-
circuit electrical systems in ungrounded equipment. This negative
static charge affects the dust in the lunar’s vacuum, leading to
mutual repulsion and reducing their collective potential (Ball, 2007).
This intriguing phenomenon was noted by the Clementine and
Surveyormissions. During theApollo 17 lunar landing, the presence
of charged dust posed significant challenges. This dust clung to
the astronauts’ spacesuits, equipment, and lunar rovers, leading
to visibility issues as it accumulated on their suits. Additionally,
the dust was inadvertently brought inside the spacecraft, resulting
in breathing discomfort for the crew (Williamson, 2002). In the
vacuumof theMoon, particles can accumulate an exceptionally high
charge. An article published in the journal Nature on 2 February
2007, titled “Lunar too static for astronauts?” estimates that the
surface of the Moon can be charged to levels reaching several
thousand volts (Ball, 2007).

Regarding this issue, Sang H. Choi et al. successfully completed
an experiment on the possibility of collecting lunar soil static
charges from solar wind by using a simulated lunar weathering
layer in a laboratory device and using a mobile capacitor array as
a DC power source. The regolith simulant was charged by a flood
stream of e-beam flux for a set period. The charge collection was
proportional to the exposure period of simulant to e-beam flux.
Such a process demonstrates a method for lunar power generation
while simultaneously neutralizing the charged regolith simulant.The
equivalent circuit diagram is shown in Figure 18.

The electrostatic power generator was developed to mitigate
dangers posed by the negatively charged lunar soil. It achieves this by
neutralizing the charged particles via capacitive coupling, while also
generating electricity through the process of charging (Choi et al.,
2025). The power generated or collected by the device relies on
two key factors: the area it covers and its hovering speed above the
lunar soil. A thin-film capacitor array can be continually charged
and discharged in a sequential manner using a time-differentiated
triggeringmechanism.This process generates a pulse train, enabling
a direct current (DC) output. By adjusting the pulse intervals, the
power in DC mode can be fine-tuned to meet the needs of various
devices and equipment. When combined with a power storage
system, this electrostatic power generator can serve as an energy
source for lunar rovers or other systems. Additionally, the negatively
charged lunar soil would be neutralized, helping to alleviate some of
the negative effects associated with lunar dust (Choi et al., 2010).

4.5.2 Laser energy transmission technology
Recent advancements in wireless energy transmission

have introduced novel solutions for lunar applications. For
instance, Mukundan et al. (2023) proposed a foldable laser-based
system designed for miniaturized rovers, which achieves energy
transfer efficiency of 15%–20% over 100-m distances in simulated
lunar vacuum conditions. This technology could complement
traditional power grids by enabling targeted energy delivery to
exploration vehicles or equipment in permanently shadowed
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FIGURE 18
Equivalent circuit of power collection and conversion device from negatively charged Lunar-soil.

regions. However, challenges remain in scaling the system for high-
power demands (e.g., >1 kW) and mitigating dust-induced beam
scattering.

4.6 In-Situ resource utilization (ISRU) and
synergy with energy systems 

The utilization of lunar regolith for construction materials
(Chen et al., 2024) (e.g., oxygen extraction, solar cell substrate
fabrication) and water-ice deposits for fuel production could
significantly reduce Earth-dependent logistics. For instance, ISRU-
derived silicon-based photovoltaic components may enhance the
sustainability of solar energy systems.However, the energy-intensive
nature of ISRU processes (Zhang et al., 2023) (e.g., electrolysis
of regolith, 3D printing) necessitates a symbiotic design between
energy generation and resource utilization units. Current ISRU
prototypes [e.g., NASA’s ROxygen reactor (Lee et al., 2013),
ESA’s PROSPECT drill (Heather et al., 2022)] highlight technical
bottlenecks in automation and energy efficiency, which must be
prioritized in future system integration efforts.

4.7 Mass-to-power ratio analysis

The quality of each energy system directly affects the
transportation cost. A large power - to - mass ratio is conducive
to the construction of the early - stage energy system. The energy
density of lithium-ion batteries is approximately 220 Wh/kg
(Kulova et al., 2020). Since lithium-ion batteries require fewer
auxiliary components, for a power supply system with an energy
storage capacity of 10 kW, its mass is estimated to be 33–50 kg.
D'Antonio et al. (2019). designed a solar microgrid system for space
applications. Its specific power is 35.56 W/kg. In this paper, this
system is used as a reference, and devices such as fixation and
support are added. Finally, for a 10 kW solar power generation

system, its mass is estimated to be 460–665 kg. Hu et al. (2021).
designed a solar thermal energy storage and power generation
system, and the estimated launch mass of this system is 1,000 kg.
Compared with the nuclear reactor power battery and the
photovoltaic - battery power supply system, the specific power of the
current system is 16.1% greater than that of the Kilopower nuclear
power system, and it has a huge advantage over the photovoltaic
- battery power supply system in terms of total launch mass.
Smith et al. (2022) analyzed the renewable fuel cell system at the
lunar south pole. The maximum energy density of the system is
550 Wh/kg. To meet an output power of 10 kW, the regenerative
fuel cell system would consume approximately 13,000 kg of fuel
within 30 days. Considering other devices in the system, the mass
of a 10-kW-class renewable fuel cell system at the lunar south pole
is estimated to be 12,000–16,000 kg. The total mass of Kilopower
nuclear power system designed and fabricated by NASA is about
1,246 kg with the output power 7 kW (Poston et al., 2015), and the
system specific power is 5.6 W/kg. Based on this, it is estimated
that building a “10 kW” nuclear power system would require
approximately 1,110–1,830 kg. For the GPHS-RTG used in the
Cassini-Huygens mission (Wang et al., 2020a), its output power
is approximately 245–300 W; its mass is approximately 56 kg; and
the mass-to-power ratio is approximately 5.4 W/kg. The mass
estimations of each energy system are shown in Table 6 below.

The chemical battery system has the lowest mass, but it is only
suitable for short-term/mobile power supply needs. Its long-term
operation is limited by the energy storage capacity. It can assist
other energy systems in dealing with sudden power fluctuations.
The mass of the solar photovoltaic power generation system is
significantly lower than that of the solar thermal power generation
technology, because the solar photovoltaic power generation system
directly converts light into electricity without the need for a heat
transfer medium. It needs to be equipped with an energy storage
system to cope with the 14-day lunar night (such as microcrystalline
batteries or underground heat storage). The mass of the nuclear
fission power generation system is better than that of fuel cells,
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TABLE 6 Mass estimates for lunar base energy systems.

Power level (kW) Battery/kg Solar PV/kg Solar thermal/kg Fuel cell/kg
(Contains
30-day

operating fuel)

Radioisotope/kg Fission/kg

10 33–50 460–665  630–1,100 12,000–16,000 1,630–2,550  1,110–1,830

50 167–250 2,300–3,325  3,150–5,500 60,000–90,000  8,150–12,750  5,550–9,150

100 333–500 4,600–6,650  6,300–11,000 120,000–160,000 16,300–25,500  11,100–18,300

500 1,667–2,500 23,000–33,250 31,500–55,000 600,000–900,000 81,500–127,500  55,500–91,500

and it is suitable for high-power continuous energy supply. The
problems of radiation shielding and heat dissipation need to be
solved. The current mass of the nuclear fusion power generation
system is too high, but the helium-3 fusion fuel has great potential. If
a technological breakthrough is achieved, it could subvert the energy
landscape.

5 Technical challenges and prospects

The establishment of a lunar base first requires solving the
problem of power supply. The power system should have high
power generation efficiency, high safety and reliability, and strong
environmental adaptability, capable of long-term power generation
and energy storage under extreme environmental conditions on the
moon. The main power sources that can be used for lunar bases
now or in the future include radioactive isotope thermoelectric
power generation systems, chemical power sources, solar PV power
generation systems, solar thermal power generation systems, and
nuclear thermal power generation systems. The energy system
of the lunar base has multiple requirements, and a single type
of energy system has obvious advantages and disadvantages,
as shown in Table 7.

Chemical power sources have high power and short lifespan,
generally requiring a large amount of fuel to carry, and are suitable
for temporary use, making it difficult to sustain the energy supply of
lunar bases in the long term. Solar power sources have high power,
long lifespan, and high reliability, but they are large, rely on sunlight,
and have limited power levels and usage environments. Even if
located in the polar regions of the moon, it is difficult to support the
energy supply of lunar bases in the long term. The power generated
by radioactive isotope batteries is relatively small, generally not
exceeding 10kWe. At the same time, 238Pu is relatively expensive
and can be used for temporary or emergency power sources, but it
is difficult to serve as a long-term power source for lunar bases.

Compared with chemical power sources, solar power sources,
and isotope batteries, nuclear reactor power sources have the
characteristics of high power, long lifespan, strong survival ability,
independence from sunlight, and ability to work around the clock.
They are considered the most ideal, reliable, and even the only
solution to provide electricity and heat energy for lunar bases and
other deep space exploration missions (Gu and Shouzhi, 2017).
However, with current technology, humans are still unable to send

a complete set of nuclear reactor power sources to the moon, not to
mention a more ideal fusion power system.

In addition, emerging methods such as laser-based energy
transmission and lunar soil electrostatic recovery systems show
the potential to overcome traditional limitations. However, their
development must prioritize environmental adaptability tests (such
as long-term exposure to dust) and interoperability tests with the
centralized lunar power grid.

Therefore, it is particularly important to use various power
systems in stages, locations, and flexibly in combination. According
to the current pace of technological progress in humanity, we can
speculate that the construction of lunar bases can be divided into
four stages: primary, intermediate, advanced, and application.

Primary stage: An unmanned base will be established, mainly
managed by intelligent robots. Its main task is to conduct in-depth
lunar scientific exploration and experiments, verify key technologies
such as lunar ore mining, building material preparation, oxygen
production, energy utilization, etc., lay the foundation for future
manned bases, and ensure that the lunar work cycle of the base is
not less than 1 year. At this stage, the lunar base mainly relies on
local solar PV power generation systems, supplemented by fuel and
isotope power sources to provide energy to the lunar base.

Mid-term stage:A short-termmanned basewill be established to
provide living conditions for 5 to 10 astronauts for about 6 months.
Its main tasks include building a circular ecosystem to validate
survival systems, installing and testing functional modules for base
expansion, mining ores and lunar soil, and preparing materials
for base maintenance. At this stage, the lunar base establishes a
relatively complete solar PV and photothermal power generation
system, which is combined with fuel cell system supply, temperature
difference power generation system, and isotope power generation
system to provide energy for the lunar base.

Advanced stage: Through the development of the mid-term
stage, the various components of the base have been fully equipped
and can function normally. The lunar base can now accommodate
100 astronauts for long-term stationing. At this point, the focus
of the lunar base has shifted to the development and application
of lunar resources. The main task of this stage is to expand
the scale and guarantee conditions of the base by utilizing the
in situ resources of the moon. At this stage, the lunar base
establishes a small-scale nuclear fission power generation system,
which is combined with solar PV and thermal power generation
systems, fuel cell system, thermoelectric power generation systems,
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TABLE 7 Advantages and disadvantages of lunar power generation technologies.

Power generation technology Advantage Disadvantage

Solar PV panels No additional or heavy infrastructure and logistics are
required for installation
Can be installed near the human base. Therefore.
Long-distance power transmission is not needed
Easy expansion in case more power is needed
No environmental and safety-related issues
Tried, tested. and widely used technology for space
applications
Highly reliable, resilient, robust, and stable

Power generation depends on the location, topography
of the terrain, illumination, and solar irradiance. And
temperature
Lunar dust accumulated on the panels will reduce the
power generation. Therefore, the panels will need
frequent cleaning
Degradation due to ultraviolet irradiation. Nuclei/ion
particles radiation, GCR space debris,
micrometeorites. vacuum, extreme temperatures
cycles, and electrostatic fields

Nuclear fission-based kilo-power reactor Smaller mass and volume
Power generation is independent of location and
illumination conditions
More modules can be installed in case more power is
needed

Due to the nuclear radiation, reactors should be placed
at a safe distance, or shielding is required. Therefore,
long-distance power transmission is needed
Shielding may require additional logistics to stack
regolith bags around the reactor
Expanding power generation capacity may be difficult
as more shielding might be needed. or distance from
the base needs to be increased
Proper disposal of nuclear waste might be a challenge
Environmental safety is a primary concern given the
hazards of any launch

Radioisotope Thermoelectric Generator RTG utilizes the natural decay of radioactive isotopes
to generate thermal energy, a process that can last for
many years and is not dependent on sunlight or other
external conditions
Simple design, no moving parts, low failure rate,
minimal maintenance requirements, and extremely
high reliability
It can work in extreme temperatures and harsh
environments, is insensitive to temperature changes,
and is suitable for use in shaded areas on the lunar
surface or during polar nights
The structure is relatively compact and suitable for
installation in limited spaces

The relative efficiency of thermoelectric conversion is
relatively low
Radioactive materials may pose risks to humans and
the environment
Efficient radioactive isotopes (such as plutonium-238)
have limited supply and high production costs
Due to the complexity of materials and manufacturing,
the initial setup cost is relatively high, which has a
significant impact on the budget.

Chemical power generation system The battery system can be designed modularly, making
it easy to expand or shrink to meet different energy
requirements
Chemical batteries, such as lithium batteries and fuel
cells, typically have high energy density and can store
large amounts of energy in relatively small and
lightweight devices
Capable of effectively responding to sudden changes in
energy demand, with fast start-up and response speed
There are mature ground application technologies and
relatively complete infrastructure, which are easy to
integrate and implement

The weight of chemical fuels and batteries may be
relatively large, which affects transportation costs,
especially when they need to be transported from
Earth to the Moon
Traditional batteries will gradually degrade and have a
limited lifespan during charge and discharge cycles,
and may require regular replacement
Once the stored energy is depleted, it needs to be
recharged or replaced, and in the lunar environment,
replenishment and charging may be limited
It is necessary to consider the impact of temperature
changes on battery performance, especially under
extreme temperature conditions on the lunar, which
may require complex temperature control systems

Electrostatic power generation system Can integrate charged lunar soil Technology is still undergoing laboratory tests

and isotope power generation systems to provide energy for
the lunar base.

Application stage: At this stage, the lunar base has developed into
a fully functional and self-sufficient lunar ecological town, capable
of producing and storing necessary resources and energy to supply
the Earth, fully realizing the functions of the lunar base, and fully
playing the role of a relay station for humans to enter the space age. At
this stage, the lunar base establishes a large-scale nuclear fission power
generation system(ornuclear fusionpower generation system),which

is combinedwith solar PVand thermal power generation systems, fuel
cell system, thermoelectric power generation systems, and isotope
power generation systems to provide energy for the lunar base.

The construction and maintenance of lunar energy systems
face inherent logistical challenges, including high launch mass
penalties and limited human/robotic intervention capabilities. To
address these, modular system design (e.g., deployable solar arrays,
compact fission reactors) and robotic autonomy advancements (e.g.,
self-repairing circuits, dust mitigation technologies) are critical.
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While this review does not quantify cost-efficiency metrics, the
proposed technical solutions inherently aim to minimize logistical
burdens through lightweight materials, ISRU integration, and fault-
tolerant architectures.

6 Conclusion

Thiswork comprehensively introduces theMoon’s environment,
reviews the history of human lunar exploration, and systematically
analyzes nine potential methods for constructing lunar-based
energy systems, drawing several conclusions. For lunar bases,
electrical energy is primarily derived from solar, chemical, and
nuclear energy conversions, categorized into static power sources
without mechanical motion and dynamic power sources with
mechanical motion (thermal cycles). Static power sources offer
substantial advantages in reliability and lifespan due to the absence
of moving parts. Devices such as solar cells and batteries lack
macroscopic fluid flow, simplifying heat dissipation issues, which
require relatively small operational space. Static power supplies
effectively manage heat flux among battery components, address
heat dissipation on surfaces, and regulate battery power output.
Currently, the power systems utilized in the limited lunar missions
are static power sources. Dynamic power supply mainly refers to
systems that use thermal cycle power generation. The technology of
this systemonEarth is relativelymature, with high power generation
efficiency, and can usually provide sustained and stable large-scale
power output; If the influence of lunar environment on dynamic
power supply can be overcome (eg. The extreme lunar vacuum
environment critically impairs heat dissipation in dynamic power
systems, leading to thermal management challenges and potential
component failure due to overheating), from the perspective of heat
dissipation principle, dynamic power supply is more suitable for the
construction of high-power power generation systems.

The energy system of the lunar base has multiple requirements,
and a single type of energy system has obvious advantages and
disadvantages, making it difficult to fully meet the energy needs of
the lunar base.Therefore, it is necessary to consider the combination
of multiple energy types, integrate the advantages of each system,
and compensate for their respective shortcomings, to adapt to the
energy needs of lunar bases of different sizes and stages.

The energy system of the lunar base will develop along the
technological route of solar energy-nuclear fission energy-nuclear
fusion energy. The lunar has abundant solar energy, and achieving
comprehensive utilization of solar energy is a common goal of lunar
bases at all stages; Lunar soil contains abundant helium-3 resources,
which are clean, efficient, and safe raw materials for nuclear fusion
reactions. With the continuous expansion of lunar bases and the
continuous improvement of nuclear energy technology, its energy
system will eventually develop to the nuclear fusion stage, while the
nuclear fission system is an intermediate transition type.

However, other forms of energy cannot be completely ignored.
Radioisotope batteries can serve as a continuous and stable
emergency power source in case of unexpected needs and
emergencies; Thermoelectric power generation can be used in
conjunction with PV power generation, nuclear fusion, or nuclear
fission power generation to absorb low-grade dissipated energy and
achieve more efficient energy utilization. Collecting static electricity

from lunar soil can not only supplement some energy for the lunar
base, but also partially solve the impact of lunar dust on external
equipment. Fully utilizing the in situ resources of the lunar and
reasonably matching different power generation systems in stages
and regions can better provide energy support for the construction
of lunar bases.
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