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Abstract

Energy resources in outer space, also known as space energy, has been recog-

nized as a promising supplement to conventional energy supplies on Earth,

as well as an irreplaceable energy provision for future space explorations.

A critical review is conducted in this paper, to identify the most potential

space energy resources, to conclude on the current exploitation technologies

and to suggest on the challenges and future directions. Space solar power

station, also known as SSPS, is presented first as a well-known utilization

of space energy, and we go through the international progress, evolution of

the collection systems and the thermophotovoltaic systems. The main tech-

nical gaps hampering the practical application of SSPS is concluded then

1



to inspire future investigations. Energy on Mars is presented afterwards as

a representative ISRU(In Situ Resource Utilization)-type energy resource,

and we select three potential resources on Mars worth exploitation: solar

energy, geothermal energy and wind energy. A model describing the global

solar irradiance on Mars is concluded, typical applications of geothermal

energy is analyzed, the phase equilibrium of geothermal fluids is established

and the wind turbine is designed. Furthermore, the review on energy on

Moon is started with the discussion on lunar geology relevant with energy

resources, and an example of feature detection using Convolutional Neu-

ral Networks is illustrated as an example to demonstrate the application

of deep learning techniques in space energy exploitation. Solar energy is

always taken into account in space activities, and we are more focusing on

the discussion of Helium-3, a promising resource for nuclear fusion. The

material for nuclear fission, Uranium, has also been detected on Moon. A

summary is provided in the end with concluding remarks.
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1. Introduction

It has been well-documented that currently most of the human’s social

activities are supported by the energy resources explored on a single planet,

Earth, and the foreseeable depletion of such conventional energy resources

is urging the recognition and utilization of external energy resources in the

outer space [1, 2]. Along with the renewed interest in space exploration,

the essentially unlimited external space energy resources enlighten the po-

tential possibilities of broadening the single-planetary development model.

Immigration to outer space, access to unlimited resources which are rare

or unseen on Earth, enjoying magnificent space scenery, search for alien

civilizations and many other attractions are all requiring a comprehensive

manner of gathering and using space energy. In general, space energy can

be used in three possible directions: 1. The importation of space energy

into the Earth’s energy supply system to make them directly contribute to

the global economy, for example, Space Solar Power Station[3–5]; 2. The

utilization of space energy on site to support and facilitate continued space

exploration on that celestial body, also known as In Situ Resource Utiliza-

tion (ISRU), for example, Energy on Mars[6, 7]; 3. The use of space energy

to support and facilitate economic and scientific activities in the vicinity of

both that celestial body and Earth, for example, Energy on Moon (typi-

cally Helium-3) [8, 9]. A quick analysis on research publications on related

keywords changing with time recorded in Google Scholar is illustrated in

Figure 1. It can be easily referred that research interests in all the three
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directions have been keeping increasing in the past 50 years, in which more

efforts are focused on the energy on Moon (represented by red squares). A

sharp increase can be detected in all the three directions within the period

2000-2010, especially on the energy on Moon, but the past ten years has

witnessed a significant cooling down in this direction. Meanwhile, the in-

terest on Space Solar Power Station (represented by orange triangles) and

energy on Mars (represented by blue circles) is still increasing.

Figure 1: Number of publications with different keywords changing with

time

Another evidence on the popularity of space energy can be found in

the more active participation of private companies in related explorations.

The main strength of traditional space researches, government agencies and

academic institutions, have started the cooperation with private companies

in various directions, including space communication, space transportation,
4



space mining and many others. In 2018, Blue Origin received a funding

of 13 million US dollars, mainly for the development of a new cryogenic

fluid management system for the lunar lander and to test a set of advanced

sensors to make the landing on moon surface easier. A 4 million grant was

awarded to Space Systems/Loral to serve the satellite maintenance and to

improve the propellant replenishment capabilities by developing the abil-

ity to transfer xenon in space from servers or tankers to active satellites.

United Launch Alliance was granted 13.9 million US dollars to enhance the

aerial retrieval capabilities of aircraft returning to Earth from orbital speed,

which is directly relevant with the gathering of space energy resources. In

2020, National Aeronautics and Space Administration (NASA) sponsored

the ”Artemis” program to facilitate the exploration on Moon by private

companies. Blazetech plans to develop an advanced self-cleaning dust fil-

ter for air purification in spacecraft cabins and airlock rooms; Astrobotic

Technology will cooperate with WiBotic to develop wireless transmission

systems for power systems, which can be used in the design of Space Solar

Power Stations. WattGlass will work on the coating design of solar panels

to reduce lunar and Martian dust when gathering solar energy. Besides the

cooperation, there are certain private companies developing their own busi-

nesses in relative fields, in which the representative ones are listed in Table

1.
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Table 1: Private companies in space energy explorations

Name Founding year Country Main business
SpaceX 2002 USA Space transportation

Planetary Resources 2009 USA Space resources
Deep Space Industries 2013 USA Space resources

Blue Origin 2000 USA Space shelter
Accion Systems 2014 USA Satellite engines

Satellogic 2010 Argentina Planetary images
OneSpace 2015 China Space transportation
Keyidea 2011 China Space communication

COMMSAT 2015 China Satellite manufacture

The basic idea of Space Solar Power Station, also known as SSPS or

Spaced-Based Solar Satellite (SBSS), is collecting solar energy in outer

space, especially in the geosynchronous/geostationary earth orbit, convert-

ing sunlight into microwave or laser beams, and transmitting them wirelessly

back to Earth in a safe and controlled way [10–12]. Rectifying antennas,

or rectennas, on the ground will collect the microwaves/lasers and convert

them back into electricity. Compared with fossil energy, which is increas-

ingly exhausted and questioned for environmental pollution, space solar

energy stands out for its efficiency, long-lasting and eco-friendly proper-

ties. Although the SSPS is running in the outer space, solar energy can be

collected, transformed and transmitted to the earth ground, with a stable

wireless way and a high power generation capacity as much as the con-

ventional nuclear power station [13]. Furthermore, unlike nuclear power

plants, no fresh water consumption is needed and no hazardous waster will

be produced. Compared with other clean energy resources, e.g. ground
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solar power, wind power and hydro-power, the space solar power is a sta-

ble resource not affected by day nor night, weather, regional latitude and

other environmental conditions. Especially for disaster affected areas or

important facilities in isolated areas, directional mobile power supply can

be provided and innovative solutions for improving the power energy struc-

ture and power supply mode with high social benefits can be expected.

Besides, compared with ground solar power station, solar panels on SSPS

can receive much more intense sunlight due to the lack of the atmosphere’s

reflection and absorption, as well as unfavorable weather events (e.g. clouds

and dust). According to previous research, 55% to 60% of incoming solar

energy is lost, in which about 30% is reflected back into space, on its way

through atmosphere [14, 15]. Meanwhile, a longer illumination period over

99% of the time is expected without the effect of the Earth’s rotation and

revolution on terrestrial solar panels.

As the neighbor of Earth in the Solar System, Mars has been recognized

as an important reference for investigating the evolution history and future

of Earth due to the similar evolution and rocky structure [16]. Water, thin

atmosphere, earth-like elements and small molecule organic matters have all

been detected on Mars [17–19], so that this planet is the perfect candidate

of our first interstellar settlement. Such an ambitious plan can hardly do

without the support of a huge amount of energy. Due to the long distance

between Earth and Mars, exploitation of the indigenous energy resources on

Mars becomes the primary choice other than transporting from the Earth.
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Solar energy is always the first thought when talking about energy in space,

and the solar energy on Mars has been supporting the eight missions still

working on Mars (in 2020): Odyssey, European Mars Express, American Re-

connaissance Orbiter, Indian Manjialia, American Atmospheric Expert and

European Trace Gas Detector flying in orbits around Mars; Insight landing

at the fixed site on the Mars surface and American Curiosity roving on the

surface. Meanwhile, wind energy is also often mentioned in the regard of

undoubtedly well providing the auxiliary power for outposts or pioneering

settlements on Mars [20, 21]. It has has been widely accepted that both

sunlight and wind can perform as a continuing supplier of long-duration

exploration missions and ecosystems in the settlements on Mars. However,

the validity is sometimes challenged by the high cost of manufacturing gen-

erating equipment on Mars, including solar cells and wind turbines. A

larger area of solar arrays is needed for a similar power rate on Earth be-

cause Martian sunlight is less intense than that on terrestrial [22]. Besides,

the density of atmosphere on Mars is only about 1% the density on Earth

[23, 24], which requires large rotor blades with the diameter ten times as

that working on Earth. Furthermore, both sunlight and wind are ”intermit-

tent renewable resources”, which limits the visibility of energy provision to

a settlement. Thus, the focus has been transferred to geo-thermal energy

on Mars, which shows off especially after the detection of water on that red

planet [25]. With heat emanating from the planet interior, this intrinsic

energy resource can perform as a cheap base-load supplier with both the
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electricity generation and direct thermal energy production [6, 7].

It can be referred from Figure 1 that recent research interests seem to

transfer from Moon to Mars. People are caring more on Mars mainly be-

cause the environment there is easier for us to survive. Compared to Moon,

the climate of Mars is milder, the surface gravity is larger and the soil is

better to be planted. However, it has been argued that both the surface

of Mars and Moon is full of harmful radiation from space due to the lack

of atmosphere, and certain dense material, for example soil, is expected to

block such radiation outside our shelter. If we choose to live underground,

Moon is a better choice as the construction is easier due to smaller gravity

and energy consumption is less for necessary works. Besides, Moon is much

closer to Earth, which enables the back and forth transportation of resources

as well as human beings. Solar panels are more efficient on Moon due to its

closer distance to Sun and no interference of atmospheric clouds. The lack

of atmosphere on Moon can benefit the mining facilities with less possibili-

ties of corrosion or erosion caused by atmospheric circulation, and the less

interference on solar wind also helps the accumulation of rare materials in-

cluding Helium-3. Thermonuclear fusion has been recognized as a promising

clean and powerful energy source for the future, and the hazardous radia-

tion often produced by conventional nuclear fission can be eliminated using

advanced fusion techniques. Very recently, on July 28, 2020, the installa-

tion of Tokamak, a key device in fusion, in International Thermonuclear

Experimental Reactor (ITER) program was started in France. As one of
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the largest and most influential international scientific research cooperation

projects, ITER is focusing on the realization of controlled nuclear fusion

using magnetic confinement. It is widely accepted that Helium-3 is a kind

of efficient, clean, safe and cheap resource for nuclear fusion [26, 27] and the

availability of Helium-3 on Moon is much larger than that on Earth [28, 29].

The many successful exploration missions on Moon have brought us huge

amounts of data on lunar geology, which is essentially needed for detection

and exploitation of various energy resources. Such abundant data is another

advantage of energy utilization on Moon, and other resources relevant with

lunar energy exploitation except for Helium-3 can also be recognized.

In this paper, we will review the recent research progress in the three

representative fields in space energy: Space Solar Power Station, energy on

Mars and energy on Moon. In every topic, certain sub-directions are care-

fully designed to describe a complete picture of energy technologies as well

as application circumstances. A general introduction is included for each

sub-direction, and technical details may be presented then. We are trying to

figure out the possibility of using the leading approaches in the study of con-

ventional Earth energy to facilitate the research of space energy. Especially,

we exhibit the potential feasibility of using machine learning and artificial

intelligence techniques in certain topics in the study of space energy, which

is believed to help bridge the gap between the most advanced techniques and

practical engineering applications. In Section 2, we will first go through the

progress of leading countries and international organizations in the world
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and the typical collection systems are concluded then. The thermophoto-

voltaic system behind the solar power stations is analyzed in details, fol-

lowed by a thorough analysis on the challenges and future opportunities.

In Section 3, the typical three energy resources on Mars worth developing,

namely solar energy, geo-thermal energy and wind energy, are included.

Lunar geology relevant to identifying energy resources is introduced first in

Section 4, and solar energy, Helium-3 and other energy-relevant resources

including Uranium, Oxygen and water are examined successively.

2. Space solar power station

Despite the fact that almost all the necessary equipment and techniques

involved in SSPS have already been well developed, the prohibitively huge

cost of both launching infrastructure and ground station is still a major

obstacle in achieving a viable economic performance. In practice, there

remains certain technological hurdles that need to be solved for a practi-

cally feasible SSPS systems. For example, it is necessary to balance the

economic concern of land use and safety concern of overexposure to mi-

crowaves when dealing with the problem of power transmission from orbit-

ing satellite to Earth’s surface. Besides, the inability to constrain power

transmission within tiny beam angles and inaccessibility to construct and

maintain a solar panel in space is challenging the implementation of cheap

but applicable SSPS systems. Moreover, the service life of space-based col-

lectors is challenged due to the long-term exposure to the hostile space

environment, including degradation from radiation and space debris. The
11



massive scale of SSPS also imposes great technical challenges to space launch

technologies, new materials, efficient energy conversion devices, ultra-large

spacecraft structures and control technologies, and on-orbit assembly and

maintenance technologies. All these challenges help to bring out the contin-

uous optimization on both the structure of solar energy collection systems

in space and the key thermophotovoltaic systems.

2.1. International progress

Many countries and international organizations in the world have pro-

posed their SSPS development plans, and all the plans are currently still in

basic exploration and preliminary experiments.

2.1.1. U.S.A

The concept of space solar power station was first proposed by an Amer-

ican aerospace engineer Peter Glaser in 1968 [30], which was also known as

satellite solar-power system or space solar power satellite. In 1973, the U.S.

Patent number 3781647 was granted to him for his method of transmitting

power over long distances (e.g. from an space power satellite to Earth’s sur-

face) using microwaves from a very large antenna, sometimes even as large as

1km2, on the satellite to a much larger one, now known as a rectenna, on the

ground [31]. The Satellite Power System Concept Development and Evalu-

ation Program was jointly organized by the Department of Energy (DOE)

and National Aeronautics and Space Administration (NASA) between 1978

and 1980, and in 1979 electricity generation using SSPS was recognized as

technically achievable, but not economically viable. A ”Fresh Look” study
12



was conducted by NASA in 1997 to examine the feasibility of SSPS using

modern technology, and different power conversion manners and orbital po-

sitions were proposed other than the previous ”SSPS1979” designing. In

1999, the NASA’s Space Solar Power Exploratory Research and Technology

(SERT) program was initiated, where an inflatable photovoltaic gossamer

structure with concentrator lenses or solar heat engines was proposed to

convert sunlight into electricity and positioned either in sun-synchronous

orbit or geosynchronous orbit. In 2012, NASA’s SPS-ALPHA (Solar Power

Satellite via Arbitrarily Large Phased Array) project was initialized, in

which the technical and economic viability was thoroughly discussed and a

framework was generated for further development.

2.1.2. Japan

With the world’s leading-edge technology in microwave wireless energy

transmission, Japan has been devoted to the research and test of SSPS in

the last decades. Commenced in 1980s, the Institue of Space and Astro-

nautical Science (ISAS) had been leading a industry-government-academia

collaborative research team and a 10000 kW-level ”SSPS2000” conceptional

scheme was developed in the 1990s. In the Japan National Aerospace De-

velopment Plan announced in 2004, space solar power station was listed

officially. Later, the ”furoshiki test”, including space mesh antenna de-

ployment test, microwave energy transmission beam control test and robot

crawling test, was jointly carried out by Tokyo University and Kobe Uni-

versity in 2006. With the support of Japan’s Ministry of Economy, Trade
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and Industry (METI) and Aerospace Research and Development Agency

(JAXA, the successor of ISAS), an ambitious plan was set up by a joint

research group consisting of Japanese national research institutions, enter-

prises and universities, to build a commercial space solar power station in

around 2030 with a total investment of more than 21 billion US dollars.

A million kW-level conceptional design was proposed in the first decade of

the 21st century and the commercial utilization of space solar power was

established as a Japanese national goal in the ”Japan Fundamental Act of

Outer Space” passed in 2008. A road map was proposed to develop wireless

power transmission technologies using microwave or laser, and to design

the assembly of large-scale structures. In 2015, JAXA announced that they

wirelessly beamed 1.8 kilowatts (kW) for 50 meters (m) to a small receiver

by converting electricity to microwaves and then back to electricity. Mit-

subishi Heavy Industries demonstrated transmission of 10 kilowatts (kW) of

power to a receiver unit located at a distance of 500 meters (m) away in the

same year. A significant highlight in Japanese SSPS research stands on the

advanced microwave transmission techniques with frequencies of 2.45GHz

and 5.8GHz, which has been successfully applied to industrial and medical

equipment in Japan.

2.1.3. China

In 2008, China incorporated the research and development of space solar

power into the national pre-research plan. During the ”Twelfth Five-Year

Plan”, namely from 2011 to 2015, an increasing number of domestic re-
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search teams participated in the research on SSPS in the aspects of wireless

energy transmission technology, large-scale space structures and thin-film

solar power technology. At the end of 2013, the Ministry of Science and

Technology, the Ministry of Industry and Information Technology, the Min-

istry of Education, the Chinese Academy of Sciences, the National Natural

Science Foundation of China and other ministries organized the discussion

and demonstration for the SSPS development plan and core technologies, in

which an integrated plan and technical route for SSPS research and devel-

opment was proposed. The Qian Xuesen Space Technology Laboratory of

China Academy for Space Technology (CAST) has been focusing on the re-

search of non-concentrated and quadratic symmetrical concentrated SSPS

systems, and proposed innovative multi-rotary joints SSPS design, which

won the first place in the 2015 World Solar Satellite Design Competition.

At the end of 2018, China launched a SSPS experimental base project in

Chongqing, which was expected to build a small and medium-sized strato-

spheric solar power system between 2021 and 2025 and to achieve the grid-

connected power. The development of large-scale SSPS systems was planed

to begin after 2025, and the total investment was estimated at around 200

million Chinese Yuan. The next step will be to start the construction of

megawatt-level space solar experimental power plant in 2030 and the com-

mercial gigawatt-level SSPS was planed to be built around 2050. Especially,

the incorporation of 3D printing technology was proposed by Chinese re-

searchers to launch the construction materials directly into the space and
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assemble the printed components with space robots in the space factory.

2.1.4. Other countries and international organizations

In 2012, International Academy of Astronautics (IAA) completed a re-

port ”Space Solar Power: The First International Assessment of Space So-

lar Power: Opportunities, Issues and Potential Pathways Forward”. The

role of SSPS was identified in meeting the rapidly growing need for abun-

dant and sustainable energy in the upcoming decades, and the technological

readiness and risks associated with the SSPS concept was assessed. An in-

ternational road map leading to the realization of this visionary concept

was also framed in this report. In the Space Power Symposium held in the

same year, Russian Federal Space Agency (Roscosmos) revealed that it had

a working prototype of a 100 kilowatts(kW) level SSPS system in develop-

ment. Other countries and organizations in the world, including European

Space Agency, Canada and India, also show great interest in this field.

2.2. Solar energy collection systems

Plenty of conceptual solar energy collection systems have been designed

since the start of researches on SSPS. Certain representative designs with

innovative progress are concluded in Table 2 with the proposal year, ad-

vantages, disadvantages and typical reference. The schematic diagrams of

these systems are plotted in Figure 2. The original structure of SSPS was

proposed in 1968(SSPS1968 ), as shown in Figure 2(a), which consisted of

three parts: 1) A giant disk-shaped transmitting antenna with a diameter of
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2 km; 2) A spherical photovoltaic array with a diameter of several kilome-

ters;3) A superconducting power tube connecting the two Power Manage-

ment and Distribution (PMAD) systems. The configuration is simple, but

further extension is not easy to implement. In the 1979 SSPS Benchmark

System shown in Figure 2(b), a giant truss-type photovoltaic solar array

was included to collect solar energy and the high-power conductive rotat-

ing mechanism maintains the Sun orientation of the solar energy collection

system and the Earth orientation of the microwave transmitting antenna.

Extension to this design is easy, but the power slewing is estimated to be

high. A highly modular-designed scheme, Sun Tower as shown in Figure

2(c), was proposed in 1997, which adapted gravity gradient stability mode

to ensure that the transmitting antenna is aligned with the ground. A sim-

ilar scheme was proposed in 2001 called Sun Sail, in which the deployable

thin film battery was applied to replace the solar arrays. The Sun Disc

concept was proposed in 1997, as shown in Figure 2(e), which consisted of a

circular solar cell array, truss structure and microwave transmitting antenna

and running in geostationary orbit.

In the ” Space Solar Power Exploratory Research and Technology” pro-

gram, also known as SERT program sponsored by NASA, the Integrated

Symmetrical Concentrator, ISC and the Abacus plan were proposed in 2000

as viable in commercial appliations. As shown in Figure 2(d), the ISC sys-

tem was composed of several groups of plane mirrors with a large diameter

installed at different angles but all controlled to point to the Sun. The long
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cable for power transmission can be removed but a long truss was required

to stabilize this structure. Similarly in the Abacus scheme (shown in Fig-

ure 2(h)), the precise pointing of the light mirror was used to replace the

pointing control of the microwave transmitting antenna, which avoided the

use of high-power conductive rotary joint, but brought new problems such

as thermal deformation. Based on ISC designing, secondary reflectors were

added to derive the Sandwich type designing. As shown in Figure 2(f), with

a proper combination of off-axis paraboloid angle, quadratic slope angle and

receiver height parameters, this scheme was suitable for space photovoltaic

power generation because of its moderate concentration ratio and uniform

distribution of energy flow. Since the design of attitude control system

was greatly affected by the gravitational gradient torque in Abacus style

schemes, a cylindrical style designing was proposed in 2001 to keep the gen-

eratrix of the cylinder perpendicular to the orbit plane to avoid the influence

of gravitational torque, as shown in Figure 2(g). In 2002, JAXA optimized

the combination of ISC designing and Sandwich type designing, placing

the solar panel and microwave antenna on the same plane so that the back

of the structure can be used for heat dissipation, as shown in Figure 2(k).

However, such design was criticized for lower energy conversion efficiency

and the power transmission was complex.

In 2001, the Tethered scheme was developed by Japan researchers to re-

duce the complexity and weight of SSPS structures. As shown in Figure 2(i),

the system was assembled using transmission panel, satellite platform and
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suspension cables, and the gravity gradient was used to keep the lower sur-

face of the panel pointing to the earth. Later in 2004, researchers in JAXA

proposed the Formation Flying designing, as shown in Figure 2(l) which

was believed to keep the pointing to Sun without the need of large truss

structures and rotating joints. Meanwhile, as an alternative energy trans-

mission approach of using microwave, laser transmissions was also studied

in Japan. As shown in Figure 2(m), laser will be generated from the con-

denser instead of microwave. However, such scheme was questioned about

the hard heat dissipation due to the large concentration ratio, and active

cooling technology using coolant is required to keep a suitable working tem-

perature.

In the past decade, more designs have been constantly put forward.

SSPS-ALPHA, the first solar collection system widely recognized as prac-

tically feasible, was proposed in 2012 using the idea of highly-modular de-

signing. As shown in Figure 2(j), the whole frame does not need to be

adjusted, and the direction of each membrane mirror is adjusted separately

to concentrate solar light onto the bottom of the ”sandwich” structure of

the photovoltaic cell surface, and the converted electricity will be further

emitted in the form of microwave. In 2015, the Multi-rotary Joints scheme

was proposed to creatively decompose the large solar cell matrix as shown

in Figure 2(n), which reduces the technical difficulties of the conductive

rotary joint, and improves the robustness of the system by avoiding the

serious consequences of single rotating joint failure. As an optimization of
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SSPS-ALPHA, a new SSPS-OMEGA plan was proposed to decrease the

structure weight at the same of remaining high level reliability. The spher-

ical main reflector does not need to be adjusted and the attitude direction

of transmitting antenna can be adjusted by controlling the cable length.

Table 2: List of various SSPS design in chronological order

Name Proposal year Advantages Disadvantages Reference

SSPS1968 1968 Simple configuration, stable efficiency No extension, long cable [30]

SSPS1979 1979 Simple configuration, easy extension High power slewing [32]

Sun Tower 1997 Module design, easy extension Long cable, shadow problems [33]

Sun Disc 1997 Easy assembling, easy extension Complex control system [33]

Abacus 2000 Precise pointing control, lighter configuration Thermal deformation [34]

Integrated Symmetrical Concentrator 2000 Simple configuration, short cable Long horizontal truss, uncontrollable optical path [34]

Cylindrical 2001 Easy control, easy configuration Thermal deformation [35]

Tethered 2001 Module design, easy assembling Unable to track the sun, low efficiency, not stable [36]

SSPS2002 2002 Excellent heat dissipation Low energy conversion efficiency, difficult power transmission [37]

Formation Flying 2004 Good heat dissipation, easy configuration Complex control [38]

Laser 2004 High concentration ratio Hard heat dissipation [39]

Sandwich Type 2011 Ideal light distribution Complex optical path, difficult control [40]

SSPS-ALPHA 2012 Module design, easy adjustment Complex control, mirror light leakage, interference [41]

SSPS-OMEGA 2014 High efficiency, high stability , simple control Complex configuration [10]

Multi-rotary Joints 2016 High stability, high efficiency Complex configuration [42]

2.3. Thermophotovoltaic system

Thermophotovoltaic (TPV) system is a technology to convert heat re-

source to electricity via thermal radiation. The main components of typical

TPV system include heat source, absorber, emitter, optical filter, PV cell

and cooling system. TPV system can run in quiet working environment

due to the absence of moving part, which obviously reduces pollutant and

maintenance cost. In addition, TPV system provides high power densities

(1W/cm2), and thus decreases the whole weight of system [43]. Therefore,

TPV technology has been widely applied in space solar power stations as the
20



(a) SSPS1968 (b) SSPS1979

(c) Sun Tower (d) Integrated Symmetrical Concentra-
tor

(e) Sun Disc (f) Sandwich Style
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(g) Cylindrical (h) Abacus

(i) Tethered

(j) SSPS-ALPHA (k) SSPS2002
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(l) Formation Flying (m) Laser

(n) Multi-rotary Joints (o) SSPS-OMEGA

Figure 2: Schematic diagrams of typical SSPS systems

23



main approach of power generation. The first TPV system was established

in 1956[44].

2.3.1. Emitter

In a TPV system, emitter receives the thermal radiations from absorber,

and converts them to optical radiation. According to the radiation spec-

trum, emitters can be classified into wideband emitter (i.e., gray-body emit-

ter) and narrowband emitter (i.e., selective emitter). Common gray-body

emitter includes graphite, SiC, Si3N4 and stainless steel. At the full wave-

length range, the emissivity of gray-body emitter has no change with wave-

length. However, the proportion of unused long-wavelength radiation energy

is high for gray-body emitter. This part of radiation energy will be absorbed

by PV cell, which will increase the temperature of PV cell and thus reduce

the electricity output. Meanwhile, the total efficiency of TPV system is de-

creased as a result. As for selective emitter, it has relative high emissivity at

specific wavelength range, and can control the emissivity outside this range

to match the PV cell with different band-gap energy. Therefore, selective

emitters are more appropriate for TPV application.

Refractory metals emitter. Selective emitters should maintain structure sta-

bility and have long operation times at high temperatures. Based on these

considerations, refractory metals are widely used to fabricate selective emit-

ter, such as tungsten[45], tantalum[46, 47]. Unfortunately, their micro- and

nano-structures will loss stability to some degree at temperatures below the

melting point due to recrystallization and surface diffusion effects. Mean-
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while, refractory metal-based nanostructures failed to achieve narrowband

emission as result of weak spectral engineering capability[48].

Rare-earth elements emitter. Rare-earth elements have the advantages of

strong optical absorption ability, narrow spectrum band and high conversion

efficiency. Consequently, rare-earth element emitters are generally applied

on TPV field. It was investigated in 2013 that the radiation characteristic of

Er2O3 and Yb2O3 emitter [49]. The results showed that the photothermal

conversion efficiency of Er2O3 emitter is 36%, while that of Yb2O3 emitter

is 34%.

Multiple-doped emitter. A more promising alternative is multiple-doped se-

lective emitter. Ferguson et al.[50] fabricated emitter by doping Co3O4 or

NiO into MgO, this emitter had great emissivity at the spectrum range of

1µm-2µm. Chen et al.[51] demonstrated the mechanical and thermal ro-

bustness of multiple-doped selective emitter. Meanwhile, they suggested an

emitter manufactured by rare earth oxide and alumina fibers, its conversion

efficiency had significantly advantage compared with erbia, holmia and the

blackbody emitter. The other approach is to use the selective emitter by

mixing NiO into MgO, and then investigated the influence of Ni content on

the performance of emitter.

Photonic crystals emitter. In the 1980s, Yablonovitch et al.[52] and John[53]

firstly presented the concept of photonic crystal (PhC). The advantage of

PhC is that it can produce photonic bandgap structure, which can well
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match the bandgap energy of PV cell to improve the conversion efficiency

of TPV system. Generally, PhC material can be divided into one-dimension

(1D), two-dimension (2D) and three-dimension (3D). Chan et al.[54] demon-

strated that 1D dielectric PhC structures can be successfully applied into

solar TPV system, and experimentally achieve a higher efficiency of 2.5%

than a graybody emitter under the same energy inputs. Lenert[55] employed

multilayer Si/SiO2 PhC structure as emitter whose surface has nanopho-

tonic properties, and the experiment indicated that the whole convertible

efficiency is 3.2% as the increase of convertible photons between the emitter

and the InGaAsSb photovoltaic cell. Bierman et al.[56] paired a 1D PhC se-

lective emitter with a plasma–interference optical filter, the conversion rate

of this TPV system reaches to 6.8% by restraining 80% of the unconvertible

photons. Two-dimensional metallic PhC is a great choice for solar TPV

(STPV) systems, because of the ability to achieve near-blackbody emissiv-

ity at the designed wavelength range and the advantage of high abundance

ranking of refractory metals. Nam et al.[57] suggested 2D Ta PhC emitter,

and then achieved the STPV efficiency of 10%. It was demonstrated in 2014

that the STPV efficiency of 3.74% at 1000K from experiment. As for 3D

PhC, Lin et al.[58] established a selective emitter using three-dimensional

tungsten base photonic crystal, where tungsten has high reflectivity for long

wavelength, so it can effectively suppress the radiation of long wavelength.

However, tungsten has strict requirements for vacuum environment, which

impedes the application of tungsten base photonic crystal on industry. Zhou
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et al.[59] combined a metal two-dimensional photonic crystal with a chirped

quarter-wave stack to form an integrated photonic crystal selective emitter

(IPSE), then finite difference time domain (FDTD) simulation method was

used to evaluate its performance. The simulation results show that this

approach can increase the conversion efficiency from 35.2% to 41.8% at

1573K.

2.3.2. PV cell

Si/Ge cell. At the early development stage of TPV, the materials of PV

cell was confined to silicon (Si) and germanium (Ge). Si has the advantage

of low cost, but its bandgap energy is too large (Eg = 1.12 eV) to match the

spectral region of majority emitters. In addition, high bandgap will enhance

the temperature of emitter, which provides more strict requirements on the

heat stability of system. To improve the photoelectric conversion efficiency,

Si cells must be used in combination with selective emitters. Conventionally,

Yb2O3 selective emitter is commonly paired with Si cell to perform photo-

electric conversion[60]. Qiu et al.[61] conducted a TPV system with Yb2O3

emitter and Si cell, where Yb2O3 emitter adopted multi-layered structure

to proportionally mix fuel and air as expected. When the temperature of

combustion air reached 550◦C, the power of Si cell was 200mW/cm2. As

for Ge, its bandgap energy (Eg = 0.66 eV) is enough low to absorb ma-

jority infrared photons, however, Ge cells still fail to achieve satisfactory

efficiency[62]. Datas[63] employed metallic organic chemical vapor depo-

sition (MOCVD) method to fabricate Ge cell, which was combined with
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tungsten emitter. At the temperature of 2000K, the maximum efficiency of

Ge cell was up to 10%. Heide et al. (2009) made Ge cell using liquid phase

epitaxy (LPE) method and MOCVD method. And then, amorphous silicon

layer was used to blunt the surface of Ge. Under the Illumination condition

of one solar, the maximum efficiency of Ge cell was 5.34%.

III-V materials cell. Since the 1980s, III-V materials cells became available,

this type of cells have low bandgap energy (Eg ¡0.75 eV), which enormously

promotes the development of TPV technology. It can be divided into two

groups, dual cells and polybasic cells. Dual III-V materials include GaSb

and GaAs, where GaSb is a more common choice in TPV systems. GaSb

cell are manufactured by Zn diffusion of n-type doped GaSb substrates to

form PN junction. Algora et al.[64] mixed tellurium (Te) into n-type GaSb

substrates, and antireflection coatings were added on the surface of p-type

GaSb to minimize the radiation reflection losses. Polybasic III-V materials

mainly consist of InGaSb, InGaAs, InGaAsSb, AlGaAsSb and InGaAsP.

Among them, great attentions have been paid on the quaternary compound

InGaAsSb. The lowest bandgap energy of InGaAsSb can reach 0.53ev, it will

greatly extend the spectral absorption range of emitter, and thus improve

the photoelectric conversion efficiency. Furthermore, low band-gap energy

can also decline the temperature of emitter, which effectively postpones the

ageing time of devices. Qiu[65] measured the electric output characteristic of

InGaAsSb cell and GaSb cell. At a thermal radiator temperature of 1215◦C,

the power density of InGaAsSb cell was 0.6W/cm2, while that of GaSb cell
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was 0.53W/cm2. However, little effort has been made to select a perfect

emitter to match the InGaAsSb cell. To enhance the conversion efficiency of

TPV system with InGaAsSb cell, Jiang[66] proposed a multilayer nano-ring

metamaterial emitter, numerical simulation results show that the spectral

efficiency of TPV system was up to 85.6% at 1600K.

Quantum well cell. Above-mentioned PV cells both have the PN junction

structure, while Quantum well cell, also known as QWC, incorporates an in-

trinsic multiple quantum well system into PN junction to produce the P-I-N

structure. QWC has a flexible bandedge capable of operating long wave-

length and the better voltage performance[67]. More importantly, QWC

can be tailored for the specific incident spectrum. Generally, QWC can be

classified into lattice matched cell and strain compensated cell. The former

extends the substrate by matching materials, and composes the quantum

well structure from the width of bandgap. The dark current density of

this structure is very low, so it can significantly increase the output voltage

characteristics. Therefore, the conversion efficiency of lattice matched cell

is relatively high. The latter extends the substrate by mismatching mate-

rials, and the two layers of materials in each quantum well structure are

subjected to elongation and compression strain. The main objective of this

structure is to reduce the bandgap energy and expand the spectral range.

Compared with lattice matched cell, strain compensated cell has higher

photoelectricity conversion efficiency in the range of long wavelength. Grif-

fin et al.[68] firstly applied QWC into TPV. Since then, the application of
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QWC on TPV system attracts the increasing attention of researchers. Rohr

et al.[69] investigated the performance of lattice-matched InGaAsP QWC

and strain-compensated InGaAs/InGaAs QWC, the results indicated that

the former one was suitable for erbia selective emitters, while the latter

one was potential for combining with thulia or holmia selective emitters.

Kouhsari et al.[70] developed a two junction QWC composed of InGaSb,

AlAsSb and InAsSb, and then simulated it using Atlas simulator from Sil-

vaco software. Lu et al.[71] investigated the influence of cell temperatures

on the power conversion efficiency of InAs QWC. As the cell temperature

increases, the dark current increases rapidly, while the open circuit voltage

and output power decrease. Khodr et al.[72] proposed a dual junction QWC

made form PbSnSe and PbSrSe, its power density is 2.34W/cm2 at 1215◦C

radiator.

2.3.3. Filter

Multilayer filter based on dielectric stack. This type of filter is a multilayer

film stack of high and low refractive index materials. Thomas[73] demon-

strated that gallium telluride (GaTe) is the most promising high refractive

index materials compared with antimony selenide (Sb2Se3) and antimony

sulfide (Sb2S3). Recently, one dimensional Si/SiO2 and Metallic-dielectric

PhC have been reported as multilayer filter in TPV application. O’Sullivan

et al.[74] developed a ten-layers quarter-wave stack structure, where Si and

SiO2 layers have the thickness of 170nm and 390nm, respectively. Mao et

al.[75] suggested a five-units Si/SiO2 PhCs filter, in which the first and fifth
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units were the refractive index match units. Celanovic et al.[76] designed an

improved dielectric stack with better system efficiency than quarter-wave

stack. Liu et al.[77] proposed a 4-units Si/SiO2 PhCs filter, where the thick-

nesses of Si and SiO2 layers are 176nm and 408nm respectively except the

first unit. Xuan et al[78] presented a non-periodic micro-structure filter

using genetic optimization algorithm. Metallic-dielectric PhC severed as

an alternative have been demonstrated theoretically and/or experimentally

[79–82]. Mostafa et al.[83] suggested a one dimensional metallic-dielectric

PhCs filter to increase the performance of TPV system.

Plasma filter based on transparent conducting oxide. Coutts[84] simulated

the electrical and optical properties of transparent conductive oxides (TCOs)

membrane by Drude model. The simulation results have great agreement

with experimental ones, indicating that TCOs are the appropriate material

of filter. On this basis, two parameters were introduced (permeation and

reflection performance) to synthetically evaluate the performance of filter.

Conventional TCOs consist of tin indium oxide (ITO), stannic oxide (SnO2)

and zinc oxide (ZnO). However, this type of filter fails to achieve the satis-

factory photon recovery efficiency at the temperature from 800◦C to 1200◦C

due to the low mobility and high carrier concentration. To make up this

deficiency, cadmium stannate (Cd2SnO4) becomes an alternative. Wu et

al.[85] produced a high mobility Cd2SnO4 film filter, and then demonstrated

that the film had over 90% specular reflectance at the plasma wavelength

of 5µm.
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Resonant antennae array. Due to the characteristic of strong absorption,

the system efficiency of TPV with multilayer filters or plasma filters is lim-

ited. While resonant antenna array filters can reduce the absorption to

less than 3% by using high conductivity metals, irrespective of the ohmic

loss of induced current. Resonant antenna array filter is an important sub-

wavelength optical element, which can effectively control the spectrum by

altering the geometry of antenna. Chase et al.[86] and Moller et al.[87] firstly

presented the bandpass filters by adopting cross-array in metal films, and

demonstrated the reliability of these filters served in TPV system. Since

then, Horne et al.[88] established a TPV system consisted of nano-scale

crossed filters and GaSb cells, the overall efficiency of this system was up

to 16%. Cai et al.[89] designed geometric characteristics of filters using a

finite element method, and indicated that slot aspect has great influence of

filtering characteristics.

2.4. Challenges and future

SSPS can provide a market large enough to support deeper investigations

on space transportation and exploration. Utilization of resources on other

planets can be realized with the massive energy output capacity of SSPS

to transport economically the machine, resource and production through a

long distance. Besides, spacecrafts and satellites at the Earth’s orbit within

the visible range can be supplied with enough power provided by SSPS, so

that the huge solar battery wings can be avoided in future craft design-

ing and many problems, including craft weight, fuel capacity and launching
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difficulties can be resolved in consequence. Furthermore, future space in-

dustries, for example, processing and manufacturing on Moon surface, can

all be benefited with the power supply from SSPS, as well as environmental

reconstruction tasks in space immigration onto other planets.

There still remains many difficulties to be overcome on the way to

achieve the grand goal of commercialized SSPS. The key technical issues

waiting to be solved include the effective and safe transmission of electric-

ity from space to ground, the successful launching of the power generation

equipments to the geosynchronous orbit, the complex assembling and main-

tenance of SSPS systems in space, the large area needed for on-Earth ground

receivers and related environmental problems. After a thorough literature

review, the following points are generated as the main challenges as well as

potential core technologies in the future development of SSPS:

New photoelectric conversion materials. In order to meet the economic and

safety requirements of commercialized SSPS systems, the new photoelectric

conversion materials are expected to possess good environmental adaptabil-

ity, high power/weight ratio, long designed life and high power generation

efficiency. Besides, a huge amount of wasted heat can be generated on

the surface of photovoltaic cells, mainly due to the limitation of the band

range of the received sunlight and the photoelectric conversion efficiency.

Such wasted heat will further reduce the photoelectric conversion efficiency,

cause thermal deformation of the structure, and affect the reliability of the

whole system. As a result, the new photoelectric conversion materials are
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also expected with a good heat dissipation capacity as the use of cooling

system may significantly increase the weight of the whole structure.

Effective energy management and transmission system. The management

and transmission system in SSPS is expected to deal with a MW-level or

even GW-level energy in space, which is an unprecedented challenge. As

mentioned above, the wireless energy transmission in space can be divided

into two approaches, microwave and laser. Numbers of researches have been

reported in this field and people are still working to improve the transmis-

sion efficiency and safety. Similarly, the energy transmission system on the

space station can be divided into two types, distributed and centralized.

The short cables and simple management needed in distributed style make

it suitable especially for certain typical solar energy collection structures like

Sandwich type or Tethered type, but the number of modules in design is too

large and a prominent heating problem is hard to avoid. Heat dissipation

requirement is relatively lower in centralized cables, but a higher energy

loss and longer cables are affecting its appeal. Besides, ultra-high voltage

electricity transmission and conductive joint are also two technical gaps to

be overcome in the future. The advanced techniques in conventional energy

researches, for example, superconducting materials and high-power semi-

conductor devices can also play a role in improving the energy management

and transmission system.

Highly modular design. Highly modular design will be one of the most ef-

fective ways to reduce the design complexity and construction difficulty of
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the collection system and realize the mass production of structural mod-

ules. The modular design of devices can change the current high-cost and

low-efficiency mode of small batch productions, so as to improve production

efficiency, increase production capacity and effectively reduce manufactur-

ing costs. Meanwhile, the highly modular design can ensure an effective

working condition of SSPS as normal as possible if the structure is partially

damaged, which can greatly improves the system reliability and easier the

maintenance in space. This design module has already been implemented

in recent solar collection systems, for example, the SSPS-ALPHA scheme

is composed of five basic modules.

Ultra-large deployable structure. The size of station is directly relevant with

the power production capacity, and the station structure should maintain

sufficient rigidity considering the requirements of attitude and orbit adjust-

ment. However, this size is also limited by the launch rocket load and fairing

size. Thus, the design and manufacture of deployable structural units with

high storage ratio can be a practical solution to make an efficient use of the

space in rocket fairing, in order to control the launch cost at the same time

of providing enough space for the installation of solar panels and rigidity

designing.

Virtual control and assembling technique. Solar energy collection systems in

SSPS are working in an extremely harsh and complex environment, which

is impossible to be fully simulated in on-Earth experiments. Thus, virtual

control on the structure attitude and virtual assembling can help integrate
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knowledge and experience of the real operations in space environment, so as

to optimize the design in both structure and assembling process. Temporal

and spatial uniformity of sun light collection can be analyzed based on the

virtual simulations, and the difficulties and key points to be noted in the

assembling can be provided in the technical handbook.

Space manufacturing and assembly. Solar energy collection system is com-

posed of highly concentrated module units with large scales. Therefore,

space manufacturing using 3D printing seems to be a promising solution

with a low-cost transportation of only raw materials. It was predicted that

high-precision 3D printing technology can reduce the production cost of

photovoltaic cells by about 50%, and improve the solar energy capture ef-

ficiency [90]. However, material splash, waste disposal,space adaptability,

rapid construction, high-precision molding and many other problems are

still hindering the practical operation of 3D printing in space. On-orbit

assembly is then required to assemble the manufactured components into

complete stations, but the traditional on-orbit assembly mainly relied on

extravehicular activities of astronauts. It was reported that the SSPS1979

benchmark system needs 600 astronauts working in space for 30 years to

complete the construction and assembly work, which is obvious non appli-

cable. In the future, space machines with strong flexibility, high precision,

fast response, autonomy, and cooperative work ability are expected to real-

ize the efficient and reliable assembly of space mega structures.
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3. Energy on Mars

In October 1960, the probe ”Marsnik1” was launched by the Soviet

Union, which announced the beginning of human explorations on Mars.

After several unsuccessful launching missions, the American ”Mariner 4”

spacecraft was the first one to achieve the fly-by around Mars and the

whole ”Mariner” program sponsored by NASA provided the earliest images

of the planet. The American Viking 1 & 2 probes are generally recognized

as the start of scientific Mars exploration since more scientific information

about the planet can be acquired after the successful soft landing on the

Mars surface in 1976. After a 20-year long absence from Mars exploration,

NASA renewed the interest by launching Mars Global Surveyor probe on

November 7th, 1996, which is the first completely successful expedition and

aimed to seek for possible presence of water. More scientific explorations

have been conducted since then. Chemical analysis of the rocks on Mars as

well as the information in the Mars atmosphere was successfully obtained

by the ”Mars Pathfinder” probe launched in July 1997, and the presence

of ice was confirmed by the ”Mars Odyssey” probe launched in April 2001.

Further analysis of Mars soil was performed by ”Phoenix” launched in April,

2007 and to study whether ice had melted and to trace organic compounds

in Mars Arctic permafrost to determine if life had ever been there.

The traveling of crafts to Mars is not easy. Numbers of failed exploration

missions have demonstrated the difficulties. The first challenge is the limited

launching window. Compared with Mars, Earth is closer to the Sun, which
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takes about 365 days to circle the Sun and this time for Mars is 687 days [91].

Thus, the changing distance between Earth and Mars, from 55 million to

400 million kilometers, results in a 780-earth-day-long period between two

suitable launching times of Mars probes. The current human spacecrafts

are mostly driven by chemical fuels taking up a large portion of the total

weight, which strictly limits the launching time to be a few months ahead of

the meeting time of Earth and Mars (with the closet distance). Generally

speaking, the ideal exploration window brought by the meeting of these two

planets is only around one month, and the huge cost on crafts maintenance

makes it impossible to wait for another 780 days if failing to catch up

with the designed departure time. Besides, necessary craft speed is another

challenge. The three cosmic velocities (7.91×103m/s as the orbital velocity

to keep the orbit around Earth, 11.2 × 103m/s as the escape velocity to

escape from the gravitational field of Earth and 16.7× 103m/s as the third

cosmic velocity to escape from the gravitational field of the Solar System )

are the three gaps in human space exploration. The probe speed should not

only exceeds the second cosmic velocity to completely get rid of the Earth’s

gravity, but also to get rid of the influence of Sun. Only the most powerful

rocket series in the world can meet this high requirement, and most of the

craft weight is used to load the propellant for facilitating to such a high

speed.

As a result, in-situ resource utilization (ISRU) has become a good choice

for energy utilization on Mars. Propellants of the rockets returning to Earth
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can be produced directly on Mars so that the weight of spacecrafts launching

from Earth can be significantly reduced. Human settlements on Mars can

also be powered with local energy resources, and construction materials

of the building will also be manufactured using this power. The orbital

parameters, atmosphere features and surface geology of Mars enable a wide

range of energy generation and utilization approaches.

3.1. Solar energy

Solar energy utilization on Mars is an option as a common approach

in space explorations, which was considered less risky and invasive towards

the Martian environment. In the designing of both photothermal and pho-

tovoltaic systems operating on Mars, key information related with solar

radiation flux incident on the surface may include latitude φ, longitude γ,

time of day and year, which are required to model the available solar en-

ergy on Mars surface. The first two parameters can be optimized to obtain

a maximum global irradiance and the optimization strategy can be deter-

mined based on the outputs of the following model formulated in [92].

The true anomaly angle ν can be modeled by the subtraction of 248◦

from the areocentric longitude Ls[93]:

ν = Ls − 248◦, (1)

in which 248◦ denotes the areocentric longitude of Mars perihelion. Ls is

assumed to be zero when the Martian year begins at the vernal equinox. ν
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can also be formulated by a function of the eccentric anomaly E as[93]:

ν

2
= arctg

(√
1 + e

1− e
tg
e

2

)
, (2)

in which e = 0.093377 denotes the Mars orbit eccentricity. The relationship

between the time t and E can be written as[93]:

2π (t− tperihelion)

T
= E − e sinE, (3)

where T is the duration of a Martian year (669 Martian days) and tperihelion

is the time of Mars perihelion, when Ls = 248◦ and ν = 0◦. tperihelion

can be calculated by the subtraction of Equation 3 from Equation 1 as:

tperihelion = −T/2π.

The beam irradiance on a surface perpendicular to the Sun’s rays at

the top of the Martian atmosphere, I0, can be modeled as a function of Ls

as[94]:

I0 = 590

(
[1 + e cos (Ls − 248)]2

)
(1− e2)2

, (4)

where 590W/m2 is the mean beam irradiance. At the solar noon of the nth

sol (Martian day), the areocentric longitude is represented as: Ls, noon, n

and this value is applied in Equation 4 to obtain I0 as a constant irradiance

in the given Martian day. The direct irradiance on a surface perpendicular

to the Sun’s rays, represented by I⊥, can be formulated as a function of I0,
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the optical depth τ and the zenith angle of the Sun θz:

I⊥ = I0 exp

(
− τ

cos θz

)
. (5)

θz can be calculated by:

cos θz = cosφ cos δ cosω + sinφ sin δ, (6)

where δ and ω denote the solar declination angle and the hour angle respec-

tively. The beam irradiance on a surface of arbitrary tilt and orientation,

represented by IT , is written as a function of I⊥ as:

IT = I⊥ cos θ, (7)

and the direct irradiance, namely on a horizontal surface, β = 0◦, is IH =

I⊥ cos θz. The global solar irradiance on a horizontal surface, GH , can be

calculated using the normalized net solar flux function as:

GH = I0 cos θz
f (θz, τ, a)

1− a
, (8)

where a denotes surface albed. The diffuse solar irradiance on a horizon-

tal surface, DH can be represented by the difference between GH and IH ,

namely DH = GH − IH . Using a a simple isotropic model, the Liu-Jordan

model, the diffuse solar irradiance incident on a tilted surface, DT , can be
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evaluated as[95]:

DT =
1 + cos β

2
GH , (9)

and the reflected solar irradiance RT is given by:

RT = a
1− cos β

2
GH . (10)

Thus, the global solar irradiance, GT , on the tilted surface is obtained as

the sum of the direct, diffuse and reflected irradiances:

GT = IT +DT +RT . (11)

The daily direct irradiation on a tilted surface, ĨT , is given by integrating

the direct irradiance, IT between sunrise, sr and sunset, ss as

ĨT =
12.325× 3600

12× 15

∫ ωss,T

ωsr,T

ITdω. (12)

Similarly, the daily diffuse and reflected irradiations, D̃T and R̃T , can

be given by:

D̃T =
12.325× 3600

12× 15

∫ ωss,T

ωsr,T

DTdω, (13)

R̃T =
12.325× 3600

12× 15

∫ ωss,T

ωsr,T

RTdω. (14)

Similar to Equation 11, the daily global irradiation can be formulated
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as:

G̃T = ĨT + D̃T + R̃T . (15)

In designing of the solar collectors, different types of irradiance can be

used as the evaluation index for different collecting strategies. For example,

a higher solar direct irradiance IT is expected if solar concentrators are

applied. It can be referred from Equation 7 that the receiving surface should

keep perpendicular to the Sun’s rays, which requires usually an expensive

tracking mechanism with two rotation axes. On the other hand, the global

solar irradiance GT should be maximized if flat plate solar collectors are

applied. In previous studies, the optical depth, τ , was considered constant

during the day so that the daily variation of solar global irradiance on a

horizontal surface is symmetric around the noon value. It can be easily

derived that the optimum azimuth angle is γ = 0◦, which means that the

receiving surface should be North oriented in the Southern Hemisphere or

South oriented in the Northern Hemisphere.

Lower solar intensity resulted from a larger distance from Sun is the

main shortage of solar energy utilization on Mars. Besides, the working

environment on Mar’s surface is quite different from the orbital environ-

ment, in which more experience are obtained on operations of space solar

panels. Solar spectrum and intensity may be influenced significantly due to

the suspended atmospheric dust, and dust deposition is hard to avoid on

the arrays. For example, the working time of the ”Spirit” rover of NASA is
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reduced to only 50 minutes per day due to the interference of sunlight by

dust and the receiving of only the 25% of the solar rays. Except for that

case, it was reported that 30% of a given surface on panels was accumu-

lated by dust over a period of 100 days long in the ”Pathfinder” mission[96].

Thus, built in facilities for maintenance and cleaning are required to keep

the solar arrays working on Mars surface, but this will additional weights

and size for the structure.

3.2. Geothermal energy

Increasing effort has been devoted to geothermal energy resources in the

past two decades, together with world-wide growing concerns on the car-

bon emission and global warming, although there is evidence of direct use of

geothermal energy for cooking, therapeutic and other purposes since prehis-

toric times[97, 98]. The developing world population and industrialization

requires renewable energy resources other than fossil fuels which need a

significantly long time to regenerate[99–101]. Geothermal resources stem

from the primordial heat and the decay of long-lived radioactive isotopes in

earth mantle[102]. Then, this heat energy will transfer from earth mantle

to its crust through conduction and convection[103]. Generally, geothermal

energy exists inside earth crust in the form of hot springs, fumaroles, volca-

noes, and geysers. Evidence of viable geothermal resources on Mars can be

obtained in two ways: measuring the average heat escaping from the sur-

face of Mars, and signs of potential high heat loss associated with younger

tectonism and volcanic activity. Tectonic movement is related to geother-
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mal resources in regional and local scales. On a regional scale, geologically

young tectonic regions (faults, folds, and uplifts) are generally associated

with high heat flows[104]. Locally, active or recently active faults act as con-

duits for geothermal fluid or even free hydrothermal convection [105–107].

It was suggested in[108] that large-scale eruptions of low-viscosity lava were

still possible on Mars. In 2018, NASA announced that similar earthquakes

had been detected by the ”InSight” Mars probe, and 450 tremors had been

found in one year. Such regular and frequent seismic activities mean that

Mars may have active volcanoes.

The minimum estimate of Martian heat flow can be obtained by esti-

mating the heat produced by radioactive elements in a planet and dividing

it by its surface area. The lowest possible heat production rate on Mars

may be based on the assumption that Mars has carbonaceous chondrite

composition[109], which was calculated as 3.36× 10−6µW·kg−1. For differ-

ent composition assumptions of Mars, large heat production rate was given

as 4.02×10−6µW·kg−1 in[110] and 4.87×10−6µW·kg−1 in[111]. The mean

surface heat flow can be quickly obtained as 15mW·m−2, 18mW·m−2 and

22mW·m−2 respectively. The Urey ratio[112] was defined to describe the

ratio of internal heat production to surface heat loss considering additional

heat loss through secular cooling which might be transported to the sur-

face in a delay. The Urey ration was found out to be 0.6 in[113], which

increases the mean surface heat loss for Mars to 25 − 37mW·m−2. The

corrected value is more reliable as it meets the measurements of heat flow
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on Moon and Earth considering the effect of planet size[114, 115]. The

global heat flow can also be estimated from the mantle convection model,

including the thermal evolution components of internal heat generation and

surface heat loss. A model was developed in 2002[116] to include the forma-

tion of Martian crust and its enrichment in heat producing radioisotopes,

and the modern surface heat flow for Mars was predicted to be 25mW·m−2.

Geothermal gradient and heat flow was estimated in[117] based on the anal-

ysis of elastic thicknesses and rock strength parameters, and their results

fall in a reasonable range as 18− 35mW·m−2. Heat flow estimates by this

method generally decrease with time and the plotted thermal estimates as a

function of age can feature a version of the thermal evolution of Mars. Using

wrinkle ridges to measure fault spacing, the martian heat flow was estimated

to be 37± 10mW·m−2 for the northern lowlands during the Hesperian and

27− 47mW·m−2 for Solis Planum for the same period[118]. Based on the

above analyses of the global thermal budget on Mars, the temperature on

basalts with a depth larger than 120km was predicted to be in the range of

1200 − 1600◦C where heat convection should replace heat conduction and

heat radiation may also play a role. Magma may still be generated by the

rising convection materials with pressure released at present in the interior

of Mars, which probably results in occasional volcanism. Certain geological

features on Mars, like chaotic terrain, can be interpreted as the result of

catastrophic melting of ground ice by magamatic intrusions, and this inter-

action is believed to be continuing in the Mars upper crust. In 2018, it was
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confirmed by the ”InSight” Mars probe of NASA that similar earthquakes

had been detected on Mars, and 450 tremors can be found in one year. Such

frequent and regular seismic activities may lead to a reasonable assumption

that Mars may have active volcanoes, which can help the recognition and

identification of potential locations of exploitable geothermal resources.

As a rapidly developing technology in on-Earth energy utilization, a

wide range of applications have been found out for geothermal energy. Such

applications can also be helpful in the energy provision to human settlements

on Mars. Interesting topics may include the following:

Heating and cooling buildings. At present, geothermal energy has been widely

applied in the building heating and cooling tasks through ground-source

heat pump (GSHP) system. As the mean annual surface temperature of

Mars is around −63◦C, the direct use of low-temperature geothermal fluids

(generally in the range 30 − 50◦C) for heating would be a very efficient

use of this resource. The coefficient of performance (COP), defined as the

ratio of energy output to supplied energy, is used to assess the performance

of GSHP[119]. Although GSHP systems are more cost-consuming than

conventional systems, they will reduce energy consume and environmen-

tal pollution due to their higher thermodynamic efficiencies and excellent

zoning capabilities[120, 121]. As demonstrated in[122], GSHP systems can

decrease operating cost by one third of the conventional systems. Chiasson

et al.[123] presented a reformation plan of a heating, ventilating, and air-

conditioning system for a school building through a geothermal heat pump
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system with an assistant solar thermal collector array and ventilation air

heat recovery. The energy consumption of the conventional and proposed

systems was compared by a system simulation approach, indicating that the

new system can greatly decrease the whole cost. Ozgener[124] investigated

the energetic performance of two geothermal district heating systems by en-

ergy analysis and interpreted the reasons of wastage in these systems, which

contributed to develop efficient and effective schemes of building applica-

tion. Luo et al.[125] investigated the experimental ability of GSHP for air

condition, revealing that the COP decreased by 8.7% for cooling case while

it decreased by 4% for heating case. Naili et al.[126] introduced the geother-

mal resources in Tunisia, and then tested the ability of geothermal energy

to cool building from experiment. The results show that GSHP systems

are worthy of developing to solve energy demand in building application in

Tunisia.

Greenhouses. Greenhouse technology is an effective method to produce veg-

etable crops in the off-season with a greater production, which is essentially

needed for the human’s settlement on Mars. Ghosal et al.[127] presented a

theoretical model of a heated greenhouse, where geothermal water flowed

in the plastic tube installed on the floor. Ozgener and Hepbasli[128] com-

bined geothermal heat pump with solar collector to provide heat resources in

greenhouse, the heat extraction rate reached 57.78W/m. Binotto et al.[129]

investigated a tomatoes greenhouse in Iceland, the results indicated that the

use of geothermal energy reduced the energy consumption by 20%. Noorol-
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lahi et al.[130] studied the performance of ground-source heat pump (GSHP)

system for the air condition in greenhouse, indicating that GSHP was more

efficient than traditional energy resources. Aljubury et al.[131] conducted

a cooling greenhouse system formed by indirect evaporative cooling (IEC)

and direct evaporative cooling (DEC). Then, some experiments were per-

formed in June, July and August respectively, indicating that the use of

groundwater could obviously promote the efficiency of IEC compare with

DEC. Boughanmi[132] presented a novel conic helicoidal geothermal heat

exchanger (CHGHE), which can obviously decrease the used area and ex-

pense.

Hydrogen production. In the 1970s, some consideration has been given to

integrate hydrogen system with renewable energy[133], where hydrogen en-

ergy is an effective resource considering environment and sustainability[134].

Since then, numerous efforts have been devoted to produce hydrogen energy

from solar, wind, biomass and geothermal resources[135]. Due to the rela-

tively low cost and high availability, geothermal resources are greatly suit-

able for hydrogen production. Jonsson et al.[136] researched the capacity

of geothermal energy to produce hydrogen, and found that geothermal en-

ergy could reduce 16% electrolysis consumption and 2% liquefaction. Balta

et al.[135] combined high-temperature electrolysis process with geothermal

resources for hydrogen production, which could achieve the overall energy

and exergy efficiencies to 87% and 86%, respectively. Kanoglu[137] pro-

posed four models to investigate the use of geothermal energy for hydrogen
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production, the results show that the second-law efficiency is highest when

geothermal heat is used to preheat water in a high-temperature electrolysis

process. Yilmaz[138] proposed seven models to discuss the production of

hydrogen from geothermal energy, they found that the expense of hydrogen

production decreases with the increasing geothermal water temperature.

Bicer[139] presented a novel system by combining solar and geothermal en-

ergy to produce hydrogen, and discussed the effect of geothermal water

temperature on hydrogen production.

Electricity generation. Different with solar and wind, electrical production

from geothermal is independent of climate and weather. Additionally, the

geothermal power plant is more environment friendly. It has been reported

that carbon dioxide emission from coal fired power plants is twelve times

greater than the geothermal power plantcite[140]. At present, a typical

geothermal power plant mainly consist of dry steam, flash steam and bi-

nary cycle[141]. To match the different kinds of steam, numerous designs

have been proposed, such as single-flash steam power plant[142], double

flash steam power plants[143], binary geothermal power plant[144], organic

Rankine cycle (ORC)[145]. Xydis et al.[146] investigated the application of

low-enthalpy geothermal resources (LEGER) on electricity production, and

furtherly designed reasonable wind turbine to meet the electricity demand.

Walraven et al.[147] investigated the expenses of ORC system, they found

that the minimum cost was achieved by optimizing the geometry of heat

exchangers and cooling system. Alhamid et al.[148] investigated the devel-
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opment potential of geothermal energy for power production in Indonesia,

the results show that the geothermal potential in Indonesia accounts for

40% in the geothermal potential of the world.

Three typical designing of geothermal power plants are illustrated dia-

grammatically in Figure 3. In the binary power plant, a selected fluid with

lower boiling point, usually an organic fluid, is used to exchange the heat

from the geothermal fluid, and the heat turbine (power generator) is driven

by the steamed low-boiling-point fluid. Cooling of the low-boiling-point is

placed afterwards, and the cooled liquid can be reheated in the exchanged

for recycling utilization. No exposure is needed of the geothermal fluid

to the atmosphere, and this fluid will be reinjected into the source as a

replenishment. Single flash power plant, also known as wet steam power

plant, separates firstly the wet geothermal fluid into steam and water, in

which the steam is used to drive the heat turbine and then cooled down.

The used steam is fully condensed and then combined with wasted water

to be reinjected into the source as a replenishment. In the triple expansion

power plant, also known as dry steam power plant, the dry steam is namely

directly fed into the heat turbine, and further fed into the high-pressure

separator after some of the energy was extracted. Steam separated in the

high-pressure separator will be injected to drive the high-pressure turbine,

while low-pressure turbine is driven by the low-pressure steam separated

from the residual water. The final residual steam is cooled and condensed

after almost all the energy has been exploited to drive the turbine, and the
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production fluids are reinjected to the source as replenishment.

A primary consideration for the exploitation of geothermal resources on

Mars is controlled by the energy exchange during the phase transmission

between water and steam, which leads to a thorough understanding of the

phase equilibrium and multi-phase fluid flow. As an excellent heat storage

substance, liquid water has a much larger heat capacaity that is attributed

to the strong hydrogen bonding interactions so that it can absrob a large

amount of heat from geothermal reservoirs. It shoule be pointed out that

the heat capacity of water steam is twice smaller than that of liquid water.

If water is evaporated in the geothermal reservoirs, the steam temperature

quickly icnreases so that the temperature difference between the steam and

geothermal reservoir becomes smaller, thus leading to much less recovery

efficiency of the geothermal resources. On the other hand, since the steam

has much higher mobility than liquid water, it also reduces the recovery

of geothermal energy. To maximize the extraction of geothermal resources,

it is important to keep the injected water as liquid when it flows through

the geothermal reservoir. Thus, the knowledge of phase behavior of wa-

ter is very helpful in designing the development plan to efficiently recover

the geothermal resources, which places importance on accurately modeling

phase behavior of water.

As an effective approach to model phase behavior, equation-of-state

based flash calculation has been extensively applied in engineering prob-

lems due to its advantage that a single consistent equation of state (EOS)
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(a) Binary Power Plant

(b) Single Flash Power Plant

(c) Triple Expansion Power Plant

Figure 3: Schematic diagrams of different geothermal power plants
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is used to model all fluid phases. However, the popular cubic EOSs, such

as Peng-Robinson (PR) EOS[149] and Soave-Redlich-Kwong[150], were pri-

marily designed for hydrocarbons, which only account for physical interac-

tions between molecules. Thus, these cubic EOSs are inapplicable to water

whose thermodynamic behaviors are strongly affected by hydrogen bond-

ing interactions. As the Wertheim’s thermodynamic perturbation theory

was established[151], the Cubic-Plus-Association (CPA) EOS[152] has been

proposed which explicitly accounts for hydrogen bonding interactions and

can be used to accurately model phase behavior of water. Compared to

other association models, like Statistical Associating Fluid Theory (SAFT)

EOS, the CPA model takes advantage of the cubic EOS (e.g. PR EOS)

to describe physical interactions and the Helmholtz free energy of water is

defined as follows

F = FPR + FASSOC , (16)

with

FPR = NRT
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)
, (18)

where N is the mole number of water, V is the volume, R is the universal

gas constant and T is the temperature. The coefficients a and b are the

energy parameter and colume-parameter of water. In Equation (18), XA is
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the unbonded site fraction of site A on water, which can be solved from the

following nonlinear equation system

XA =
1

1 +
1

V
N
∑
B

XB∆AB
, (19)

with the association strength ∆AB defined by

∆AB = gβAB

[
exp

(
εAB

RT

)
− 1

]
b . (20)

In Equation (20), βAB and εAB are the association volume and association

energy parameter between site A and site B on the water molecule. g =

1/(1− 1.9η) is the radial distribution function with the reduced density

η = bN/4V [153].

To accurately model the phase behavior of water, the Helmholtz free

energy shown in Equation (16) has to be minimized. The computed re-

sults are diaplyed in Figure 4. Figure 4(a) shows the values of the tangent

plane distance (TPD) function over the investigated molar concentration

and temperature intervals. The negative values indicate water is unstable

and splits into two phases at these condition, and the black curve represents

the boundary between two-phase region and single-phase region. By aver-

aging the pressure along this curve, we can construct the phase envelope

fo water, as shown in Figure 4(b). It can be seen the computed satura-

tion pressure is highly consistent with the experimental data obtained from

55



NIST chemistry webbook. Depsite that the critical point is overestimated

due to the limitation of the CPA model, the results can still be used to

design the development plan by finding the maximum (saturation) temper-

ature under a certain pressure at which the injected water can be heated

up with no evaporation so that the geothermal energy can be recovered

as much as possible. Furthermore, the conventional iterative flash calcula-

tion methods are so time-consuming that it can hardly be possible for an

accurate estimation of phase equilibrium states in a large time and space

scale for realistic energy recovery environments. Deep learning techniques

have been successfully applied in the acceleration of flash calculations for

complex multi-component reservoir fluids with various mechanisms includ-

ing capillarity[154, 155], and the similar approach can be introduced in the

acceleration of CPA-based flash calculations for geo-thermal energy recov-

eries.

(a) Phase Envelope of water (b) TPD of water

Figure 4: Phase diagram of water
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3.3. Wind energy

Wind energy can be an alternative option for supporting exploration

missions on Mars and the construction and living in human settlements.

Compared to solar energy, the interference of dust storm and energy loss

in nighttime can be reduced. As an Earth-like planet in Solar System,

the temperature varieties between winter and summer regions as well as

sunny and dark areas on the Mars can drive high-speed wind, although

the Martian atmosphere is often recognized as very rarefied (the density is

only about 1/75 of Earth atmosphere). Similar to the generation on Earth,

winds are created in air heated near the surface, when the warm air is rising

higher and moving towards the cold poles. The evidence of wind presence on

Mars can be found in the images received from the probes orbiting around

Mars and rovers on the surface, showing that storms blow across a large

part of the planet.The ”Mariner 9” probe landed in the middle of a huge

dust storm. It is interesting to point out that changes in the brightness of

the planet observed by astronomers even before the launch of exploration

spacecrafts have been the main guess about wind on Mars for a long time,

while the dust lifted by the wind was thought to be the reason of darkened

atmosphere. Furthermore, signs of wind erosion can explain the evolution

history of the Mars surface landscape and dunes on Mars were found to be

shifting and filling craters as a consequence of wind, which also indicates

the wind direction.

Thickness of the Martian atmosphere is less than 1% of that on Earth,
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which is believed to be mainly attributed to the gradual erosion of solar wind

and the lack of a global magnetic field to protect itself from solar flares and

cosmic rays. Similar to Earth, the density and pressure of Martian atmo-

sphere decrease with altitude, together with the decrease of temperature

as a spread of heated air from the surface. A successfully wind energy ex-

traction on Mars is expected mainly due to the following three features:

less gravity leading to less massive components in the turbine structure,

large pressure and temperature swings producing high-speed winds and the

tremendous surface relief producing consistent wind patterns. A very low

thermal inertia on Mars surface helps a quick heating of near-ground air and

facilitates the generation of wind. A model describing the relation between

extraction potential and atmosphere density on Mars was proposed in[156]

as:

P = CρAv3, (21)

where P denotes the produced power, C denotes the efficiency coefficient

ranging from 0.2 to 0.6, ρ denotes the Martian atmosphere density, A de-

notes the swept area of the turbine and v denotes the wind speed. Compared

to Earth, the 1% density of Martian atmosphere means that a 100 times

faster wind speed is needed for the turbine to get the same momentum,

which is a product of atmosphere density and speed. In previous publica-

tions, wind speed was announced to be at an average of 5 m/s with a peak of

25−30 m/s at the Viking Lander 1 site, 1.6m above the surface. It is worth
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mentioning that the landing site of Viking probe was selected mainly for the

safety reason, which precluded the exploration of complex or steep terrain

with more possibility of harboring high-speed wind. It was estimated that

the wind speed may approach 14 m/s at certain well chosen sites, for exam-

ple, natural wind channels due to the topography of hills and valleys, which

was previous found and utilized on Earth. Other possible regions favorable

for wind utilization include the horseshoe vortices around raised rim craters

and long low-angle slopes (where the wind speed can approach 25−33 m/s).

The scientific experiments conducted by ”Viking 1” and ”Pathfinder” both

support this conjecture[157, 158]. Besides, high-speed wind is easier to be

produced in the dust storm or pre-dawn, when the efficiency of solar panels

is very low. Thus, the role of wind energy as a critical and appropriate

supplement to solar energy is demonstrated.

Design of wind turbines can be categorized based on the motivation into

aerodynamic lift type and aerodynamic drag type, in which the first one

is equipped with a much large power generation efficiency compared with

the second one for the same swept area. Moreover, lower rotation rates

corresponding to the wind speed and higher shaft torque can be found in

drag type turbines, where higher rotation rates and lower shaft torque were

found in lift type turbines[159]. Meanwhile, wind turbines can be further

categorized into the Horizontal Axis Wind Turbine (HAWT) and Vertical

Axis Wind Turbine (VAWT). VAWT design is more preferable in current

investigations as the rotation of sub-systems is easier and the heavy compo-
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nents are kept at ground level. In order to obtain the torque transported to

the generator on the ground, the buoyancy forces can be estimated as a con-

sequence of hydrogen filled structures as a function of the density difference

as:

BF = (ρ− ρi)gMV, (22)

where BF denotes the buoyancy force, ρ denotes the ambient atmosphere

density, ρi denotes the internal atmosphere density, gM denotes the accel-

eration due to Martian gravity and V denotes the volume of the balloon.

By using a small thickness approximation, the mass of the balloon skin is

given by:

MB = 4πRB
2tBρB, (23)

where MB denotes the mass of the balloon, RB denotes the radius of the

balloon, tB denotes the thickness of the balloon material and ρB denotes

the density of the balloon material. Thus, the mass of lift capacity, denoted

by ML, can be formulated as:

ML = BF/gM −MB. (24)

Using this model, a radius limit was found in[156] as a minimum balloon

radius to lift itself. Ways to reduce this minimum include reduction in

the thickness and material density and heating the inflation gas to reduce
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the density. Two typical turbine designs for exploiting wind energy on

Mars were presented in their papaer, namely, the Savonius turbine design

and the Darrieus turbine design. As shown in Figure 5(a), a Savonius

turbine is a vertical axis machine, and a ring-stiffened inflatable cylinder is

placed as the main body with a spherical chamber on the top. Members

forming attachments for the blades are also supported by the rings. Forces

are transferred from the blades to the turbine body via cables attached to

the ring stiffeners and the skin of the turbine body, while the torque is

transferred from the lower ring to the torque tether or tube with a smaller

diameter via inflated frustum and woven. The generator is situated on the

ground. In the design of Darrieus VAWT, a tall VAWT with two troposkien

shaped blades was illustrated a buoyant support chamber (a balloon) was

attached to the top of the turbine. Size of the structure was optimized after

their calculation, which could be a good reference in future designings.

4. Energy on Moon

Moon has always played a major role in human’s explorations into the

outer space, while the many successful mission have enabled the continu-

ous analysis of the lunar soil samples and discussions on potential lunar

resources [160]. Different with that on Mars, the considerable knowledge on

Moon has pointed out the most valuable resource, Helium-3, but we want

to include more options in this review.
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(a) Buoyant Savonius VAWT (b) Buoyant Darrieus VAWT

Figure 5: Schematic diagrams of different wind power turbines

4.1. Lunar geology relevant to identifying energy

Based on the images received from previous probes, the lunar surface can

be divided into two main geological units: the lunar maria (”seas”) which

fill the large impact basins and the lunar highlands, which is darker in the

images. Thanks to the many samples collected in various lunar explorations,

geological compositions have been well characterized on both surfaces, in

which the lunar highlands are believed to be rick in Ca, Al,Si and O, poor

in Fe and Mg, while the lunar maria is believed to be relatively richer in

Mg, Fe and Ti, and relatively poorer in Al and Ca. Examples of chemical

compositions in Lunar soil of the returned samples from various missions are

illustrated in Figure 6. It is worth mentioning that, CLRS, short for Chi-
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nese Lunar Regolith Simulant, is a typical simulated lunar regolith with the

mineral composition, chemical composition, density and grain size referred

from low-Ti lunar soil (CLRS-1), high-Ti lunar soil (CLRS-2). Currently,

the study on lunar resources utilization, including life essential material

synthesis and mineral resource extraction technology, are generally using

simulated lunar regolith due to economic reasons. In addition to the min-

eral resources represented by these elements to be developed, such geological

characteristics are also closely related to energy exploitation. For example,

ilmenite, the main Ti-bearing phase found in lunar rocks, is believed to

be important for the retention of some materials implanted by solar wind,

in which Helium-3 is a very promising energy resource (to be discussed in

Section 4.3). Meanwhile, ilmenite is also suggested to be good candidate for

some oxygen extraction processes, while oxygen is of critical importance in

the energy consumption and human living on Moon. Another particularly

interesting topic in lunar geology is the deposits of pyroclastic deposits,

also known as volcanic ash, which is believed to be more suitable for oxy-

gen generation due to its easier broken down, and the more homogeneous

composition and mineral size is preferred for exploitation [161–163]

It was argued that the current knowledge on implanted volatiles from

solar wind at the areas with high latitudes is quite limited, where the solar

wind flux is believed to be lower but the lower surface temperature on the

contrary may be beneficial for the retaining of the volatiles[164]. Geologi-

cal evidence to support this argument may involve the existence traces of
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(a) high-Ti basalts (b) low-Ti basalts

(c) highland minerals (d) low-Ti basalts

Figure 6: Example chemical compositions of lunar soils: (a)high-Ti basalts

(Apollo 11); (b) low-Ti basalts (Apollo 12); (c) lunar highland minerals

(Apollo 16) and (d) low-Ti basalts (CLRS-1)
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water on high latitudes areas, and the presence of water can be ultimately

attributed to the interactions of solar wind and lunar soil. Geological fea-

tures relevant with the detection of water on Moon are often recalled in

study of the lunar rille and Moon valley. Lunar rille, a kind of dark and

slender crack on the moon surface, which is similar to the stream on the

earth, is usually used to describe any long and narrow groove on the surface

of Moon. It is believed that the curved lunar rille may have been caused by

the flow of water about 4 billion years ago, that is, in the early stage of the

formation of the moon. Some other lunar rille and Moon valleys may also

be formed by the flow of lava flows generated by volcanic eruptions, when

economically useful resources may be concentrated[165].

It is a difficult task to analyze a large number of lunar surface image

data and find meaningful geological features, which make it of great signifi-

cance to develop the intelligent detection of key geological features from the

images received from the probes, and scholars in various countries have paid

more attention to it. With the rapid development of artificial intelligence

technology and deep learning methods, the powerful computing ability pro-

motes the application of machine learning and deep learning methods in

this field, including BP neural network, decision tree algorithm and object-

oriented methods[166–168]. The traditional fully connected neural networks

have always been criticized on the extremely huge load of computations. For

example, for the labeling of a two dimensional image with size n pixels ×

n pixels, the number of neurons in one hidden layer is n2 and the corre-
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sponding number of weight parameters can be even much larger. From

both the perspective of computing resources and hyperparameter tuning,

Convolutional Neural Networks (CNN), a typical kind of Feedforward Neu-

ral Networks (FNNs) with deep structure and convolution computation, has

attracted attentions. The main feature of CNN is the use of convolution

layer, which actually simulates human visual nerve and can be viewed as a

feature extractor. Famous CNN structures in the evolution history include

the LeNet, AlexNet, VGGNet, GoogLeNet and many others. For example,

applying the AlexNet structure shown in Figure 7, lunar rilles can be de-

tected quickly using the trained model and the predicted labeling can be

further optimized after proper tuning of hyperparameters, as shown in Fig-

ure 8. The RELU activation function was first introduced in the AlexNet,

which has better gradient characteristics and faster training speed. Mean-

while, the main purpose of pooling layer is to compress images and reduce

parameters without affecting image quality by downsampling. With the

continuous development of CNN and other advanced deep learning algo-

rithms, the automated detection of geological features on Moon has been

achieved on better training speed as well as prediction accuracy[169–171].

4.2. Solar energy

The period of day-night cycle on Moon is quite long, about 29 days on

Earth, which challenges the exploitation of solar energy on Moon due to

the long night. However, the rotation angle of Moon is very small, which

enables the all-year-round sunlight in certain places. Furthermore, the moon
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Figure 7: A typical AlexNet type CNN structure

has almost no atmosphere, and there is no wind, no rain and no clouds on

that space rock, so that the sun can shine directly on Moon without any

obstacles, which results in the solar energy received on lunar surface as much

as 12 trillion kilowatts (kW) in one year. Such a huge amount of energy is

equivalent to 25000 times of the total energy produced by various energy

sources consumed in one year on Earth.

Similar to the concept of SSPS, it is expected an extremely large ar-

ray of solar photovoltaic cells are to built on the Moon surface to gather

as much sunlight as possible to generate electricity, and then transmit the

generated power to Earth in the form of microwaves. In order to solve the

problem that the divergence angle of the microwave beam is large which is

not benefit for the receiving antenna on the ground, the maser technology

can be used. Maser method refers to the method of using excitation en-

ergy to gain microwave coherent amplification or oscillation in a resonant

atomic or molecular system. This method makes use of the extra energy
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(a) Original photo by Change probe (b) Digital image with initial processing

(c) Labeled image using CNN (d) Labeled image using optimized CNN

Figure 8: Labeled lunar rilles using CNN models
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radiated by an atom or molecule excited by electromagnetic wave, which is

in the same frequency and phase as the radiation wave and the shock wave.

Maser’s work involves molecular scale processes, showing the characteristics

of quantum mechanics, so maser amplifiers or oscillators can also be called

quantum amplifiers or oscillators. Its main characteristic is that the noise is

so low that it can amplify nearly a single radiation quantum. What is more

surprising is that the moon is rich in silicon reserves, which is is the main

material for manufacturing solar cell array. Besides, the ultra vacuum, low

gravity environment is preferred for the production of high-quality silicon

photovoltaic cells. Other materials, such as aluminum, titanium, iron, tung-

sten and copper, needed for the construction of lunar solar power station,

can also be directly extracted from the moon, which greatly facilitates the

preparation process of solar energy development and utilization. In order

to overcome the long night hindering the solar power generation, a design

as one solar power station built between every 120 longitude on Moon, or

one solar power station built on the front and another on back of the moon,

has been proposed to ensure the continuous and stable power generation in

all the time.

4.3. Helium-3

Thermonuclear fusion is a kind of nuclear reaction form in which small

mass atoms, mainly deuterium or tritium, polymerize with each other under

certain conditions (such as ultra-high temperature and high pressure), gen-

erate new heavier nuclei, and release huge energy. There is a huge amount
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of energy in the nucleus. The change of the nucleus (from one nucleus to

another) is often accompanied by the release of energy. If it is changed

from a heavy nucleus to a light nucleus, it is called nuclear fission, such as

the explosion of an atomic bomb; if it is changed from a light nucleus to a

heavy nucleus, it is called nuclear fusion, such as the energy source of the

sun’s light and heat. Helium-3, or written as He-3 and 3He, is widely rec-

ognized as a promising energy resource in the future due to the safe, clean

and controllable fusion process modeled by:

D +He− 3→ He− 4 + p+ 18.4MeV (25)

where D denotes Deuterium, p represents a proton, and 18.4MeV is

the energy released per reaction (MeV is short for mega-electron volt and

1MeV = 1.602×10–13 Joules). Compared to H−3 often used in traditional

nuclear fusion reactors, reactions described using Equation 25 is believed to

better protect the reactor machine without the generation of high-energy

neutrons. The environment-friendly feature is stated as no prolonged ra-

dioactivity is produced in the reaction, and less dangerous damage to the

environment can be pronounced. Helium-3 is a lightweight isotope of he-

lium, whose unique atomic structure makes it a promising candidate for

energy source by nuclear fusion reaction to generate huge amounts of elec-

tricity power. In comparison, the conventional nuclear fusion that involves

with deuterium and tritium, both of which are isotopes of hydrogen, has

been believed defective and problematic. When deuterium and tritium are
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fused in reactors, two nuclei come together and then create a helium nucleus

with two protons and two neutrons, meanwhile yielding a high-energy neu-

tron stream which is even destructive to containment vessels. Therefore, it

is necessary to consider the serious impact of radioactive particles, that is,

the produced high-energy neutrons and tritium molecules, on the materials

to design a deuterium-tritium fusion reactor. In addition, to maintain the

hydrogen fusion reaction, temperature has to be high enough such that all

known materials would melt in the absence of external protection. Thus, the

magnetic containment technology is exerted in order to harness the power

of fusion reaction, but on the other hand it will increase the complexity

of fusion reactors. Due to these defects of hydrogen-based fusion reaction,

researchers and scientists turned their focus on replacing either tritium or

both deuterium and tritium by helium-3, since it was anticipated as a future

energy source.

It has been reported that the main resource of Helium-3 on Earth comes

from the decay ofH−3 and vent gases including gas collected from volcanoes

[172, 173]. Although Deuterium is relatively abundant on Earth (D/H =

1.6×10−4 in sea), the availability of Helium-3 is very limited. According to

previous publications [173–175], the total amount of Helium-3 distributed

on Earth was estimated to be 4×106kg in the atmosphere and 109kg in the

mantle. The reserve of helium-3 on earth is scarce so that it cannot provide

abundant energy supply to address the concerns on the “depletion” of fossil

fuels in the near future.
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In the 1980s, a scientific community, led by Dr. Harrison H. Schmitt,

advocated to explore the plentiful helium-3 resources on the lunar surface,

which is bombarded by the solar wind. In the Apollo 11 exploration mis-

sion landed in Mare Tranguillitatis, the concentration of Helium-3 is about

100kg for an area of 2km2 to the adepth of 3m. Such amount of Helium-3

is capable of the energy provision as 1 gigawatt(GW) using a well-designed

fusion power plant for one year. It has been well accepted that the abun-

dance of Helium-3 in lunar regolith is controlled mainly by the amount of

Helium-3 impanted by solar wind and the efficiency of Helium-3 retaining

in the processes of soil out-gassing. It was reported that less solar wind flux

can be received in the higher latitudes areas as the parallel direction of solar

wind flow to the rotation plane of Moon. A widely used model to calculate

the monthly averaged solar wind flux at any point on the lunar surface was

proposed in[176] and corrected in[177] as

F (ϕ, θ) = F0 cos ϕ×


2 + sin (θ − fπ)− sin (θ + fπ) if |θ| ≤ π(0.5− f)

1 + sin (|θ| − fπ) if π(0.5− f) ≤ |θ| ≤ π(0.5 + f)

2 if π(0.5 + f) ≤ |θ| ≤ π

,

(26)

where ϕ and θ denote the selenographic latitude and longitude at certain

point respectively to determine the location, and F0 means the constant

solar wind flux at the subsolar point. f describe the proportion of time

during which Moon is fully shielded by the Earth’s magnetotail in each
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lunation, and determined as 0.25 in[178]. It was suggested that the amount

of Helium-3 increases as long as exposure to the solar wind increases, but

there has been disagreement in[179].

Another factor affecting the concentration of Helium-3 is the maturity of

lunar soil, which can be explained as the total time of lunar soil exposed to

the space environment. The ratio of ferromagnetic resonance intensity (Is)

to total Fe content, also known as Is/FeO, had been accepted as a maturity

index for many years[178, 180], until another index, optical maturity, also

known as OMAT, was proposed in[181] as:

OMAT = [(R750 − x0)2 + (
R950

R750

− y0)
2

]

1
2

, (27)

where R denotes the reflectance, the subscript 750 and 950 denote the wave-

length, x0 = 0.08, y0 = 1.19. Comparisons with probe data showed that

Helium-3 decreases with an increasing OMAT.

The content of TiO2 is believed to be another index to track the abun-

dance of Helium-3, as ilmenites contain much more Helium-3 than ilmenite,

olivine, pyroxene, and plagioclase, and most TiO2 was found in ilmentites.

The TiO2 content can be given by[181]:

STi(%) = 3.708× [θTi]
5.979, (28)
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where θTi can be calculated as

θTi = arctan (
R415/R750 − y0Ti

R750 − x0Ti

), (29)

and x0Ti = 0.0, y0Ti = 0.42.

The abundance of Helium-3, as the function of all the three factors

analysis above, the normalized solar wind flux F , the OMAT and the TiO2

content, was determined in [2007] as

C0 = 0.56× [STi × F/OMAT] + 1.62. (30)

Even though fusion reactions using Helium-3 may possess all the afore-

mentioned promising advantages, not everyone buys it. In 2007, the theo-

retical physicist Frank Close described this concept as “moonshine” . First,

deuterium reacts much more slowly with helium-3, because this process has

to overcome prohibitively strong electrical repulsion force for deuterium-

helium-3 reactions. As can be seen, the reaction between deuterium and

helium-3 is a poor fusion process. Furthermore, when all of the nuclei are

mixed in the fusion reactor, two deuterium nuclei are able to rapidly fuse

and produce a proton and tritium nucleus, which again fuses with the deu-

terium, much faster than the deuterium directly interacting with helium-3,

and yields helium-4 and a neutron. As a result, it unavoidably deviates

from the original reaction path and creates additional radioactive byprod-

ucts. Close also emphasized it is impractical that two helium-3 nuclei fuse

with each other to produce deuterium, an alpha particle and energy. In
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addition, from the perspective of engineering applications, the low concen-

tration of helium-3 is inhomogeneously widespread over the lunar surface.

For instance, lunar rocks and soils contain Helium-3 at concentrations be-

tween 1.4 and 15 ppb in sunlit areas, and may contain concentrations as

much as 50 ppb in permanently shadowed regions.

Despite that the spatial distribution of helium-3 in the lunar regolith

layer can be quantitatively estimated, in order to collect sufficient helium-

3, it still requires the mining facilities to process extremely large amounts

of regolith under well-designed mining methods, processes and equipment,

not to mention how to send and assemble mining facilities in space. The

proponents of mining the moon for helium-3 have high expectations on

helium-based fusion reactions, but even so far it still fails to yield a net

power output. The existing helium fusion reactor is created by Dr. Gerald

Kulcinski’s team. It has a very small size containing a spherical plasma

roughly 10 centimeters in diameter, and produces sustained fusion with

200 million reactions per second. Unfortunately, to produce a milliwatt of

power, the reactor consumes kilowatt energy. Similarly, the critique equally

applies to the feasibility of deuterium and tritium fusion reactions, which

have not achieved breakeven yet. To sum up, fusion reactors using helium-3

are a development that may be decades, even centuries, away.

4.4. Uranium

Uranium, or written as U, is an important and well-investigated energy

resource on Earth, which plays a critical rule in either power generation or

75



nuclear weapons, as well as other radioactive elements including Plutonium

(Pu) and Thorium (Th). Nuclear power generation in space is also a op-

tion for spacecrafts propulsion and energy supplies to human settlements.

A concept named ”KREEP” was proposed in[182], defined as the combi-

nation of Potassium (K), rare earth elements (REE, usually including the

15 lanthanides, spanning lanthanum to lutetium in the periodic table, plus

scandium and yttrium) and Phosphorus (P). U and Th are expected to be

concentrated in KREEP-rick terrains so that the exploitation of the energy

resources can be spatially correlated with the mining of the REE resources.

The U/Th ration, defined to describe the linear scaling of the abundance of

Uranium as that of Thorium, was estimated to be 0.27 in lunar soils[183],

and the energy exploration is benefited with the similar locations show-

ing possible enhancements of these two resources. In the first global lunar

distribution map of Uranium published in 2010[184] using the data from

the Japanese lunar orbiter ”Kaguya”, the maximum Uranium abundance

is predicted to be 2ppm in the site with a highest Thorium concentration.

However, such result was questioned mainly on the resolution (130km) and

there has been evidence of higher abundance. For example, it was reported

in [182] that the Uranium concentration can reach about 5ppm and the

experiments on some Apollo samples of highly evovled lithologies showing

an even large range as 10 − 20ppm. It should also be noted that com-

pared to the much larger concentration of Uranium on Earth (¿100ppm),

the exploitation of Uranium and other nuclear resources to be transported
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back to Earth is not preferred until a higher concentration is found to exist

on Moon. However, it is still worth developing the ISRU exploitation of

Uranium for the energy supply on the Moon.

5. Summary

A critical review on the progress of space energy has been carried out in

this paper, on three main directions selected carefully based on literature

investigations and analysis on current situations. It can be concluded that

the energy in space could be a promising resource as a supplement of on-

Earth energy resources for the global economic, as well as an efficient energy

provision for space exploration and settlement. Due to the limitations on

space technology and varieties in resource conditions, different exploitation

patterns are preferred for each resources. Certain well-developed energy uti-

lization technologies for on-Earth energy resources have been found effective

in resolving the recognition and exploitation of space energy, while some ad-

ditional knowledge are required to gap the new challenges characteristic in

space.

It is also worth mentioning that mutual influence has been recognized

in the progress on different sub-directions in space energy. For example,

breakthrough on SSPS can provide an energy support large enough for craft

explorations into deeper space, and a cheap back-and-forth transportation

of materials and resources in various planets could be possible. In that

case, the current ISRU-type utilization of energy on Mars can be modified

to supplement the on-Earth energy cycle, and it will be more economi-
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cally visible to transport the ilmenite rich in Helium-3 back to Earth for

refining and power generation. Meanwhile, energy exploitation in the outer

space can be combined with mines refining, water generation, oxygen gen-

eration and building heating and insulation, which should be taken into

consideration in the designing of space development. Besides, due to the

special challenges faced by storage and transportation of space energy, the

breakthrough technologies in this direction play an important role in space

exploration missions. Regenerative fuel cells are among the most promising

sustainable energy power sources. Compared to secondary batteries, regen-

erative fuel cells possess unique advantages, including high power density,

high specific energy density, light-weight, low-cost, high-efficiency, long-life,

and zero environmental impact[185].
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[87] K. Möller, J. Warren, J. Heaney, C. Kotecki, Cross-shaped bandpass filters for the

near-and mid-infrared wavelength regions, Applied optics 35 (1996) 6210–6215.

[88] W. Horne, M. D. Morgan, W. P. Horne, V. S. Sundaram, Frequency selective

surface bandpass filters applied to radioisotope thermophotovoltaic generators, in:

AIP Conference Proceedings, volume 746, American Institute of Physics, 2005, pp.

593–600.

[89] M. Cai, Z. Chen, Y. Chen, K. Qiu, X. Xu, Y. Hong, Design of near-infrared

resonance antenna array filters in termophotovoltaic application, in: Second Target

Recognition and Artificial Intelligence Summit Forum, volume 11427, International

Society for Optics and Photonics, 2020, p. 114274E.

[90] J. Licata, How 3d printing could revolutionise the solar energy industry, The

Guardian 22 (2013).

[91] J. R. Attwood, R. E. Director, Mars for 2018, Journal of the Royal Astronomical

Society of Canada 112 (2018) 121.

[92] V. Badescu, Mars: prospective energy and material resources, Springer Science &

Business Media, 2009.
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