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Abstract. The problem of resource provision on Earth includes three main aspects — depletion due to the lengthy
development of large volumes of non-renewable resources, shortage of certain types of resources due to their rarity and
insignificant concentrations, high cost of extraction and beneficiation due to a number of factors, including the conditions
of occurrence and imperfection of technologies. Resources in general are all types of resources — energy, mineral, wa-
ter, and, separately, oxygen. Space objects are one of the possible directions of searching for alternative non-traditional
sources of energy and mineral raw materials. Space exploration will help to solve a number of global problems for
humanity, including demographic, food, energy, raw materials, and the environmental.

The purpose of the paper is to justify the need of searching for potential alternative ways of obtaining energy carri-
ers and mineral raw materials of a non-traditional type and to determine their possible sources in outer space.

On the basis of the analytical review of potential alternative ways and sources of obtaining energy carriers and
mineral raw materials of a non-traditional, it is justified that the research of space objects (planets, satellites, comets,
asteroids) aimed at searching non-traditional type is relevant. The relevance of this direction is confirmed not only by the
development of appropriate technologies for the exploration of space objects but also by the development and
improvement of the legal framework governing space exploration. The main and most important directions of research
are life support during the development of space objects, energy supply, mining and processing of minerals, chemical
and biological production. Issues of life support involve providing, first of all, oxygen and water. For energy supply, it is
advisable to consider helium-3 (He-3), water, oxygen, hydrogen, and ethane as potential sources. The most promising
mineral resources in space are rare and rare-earth elements, platinum and metals of the platinum group, nickel, and
cobalt. It is proven that the most promising space objects for the extraction of mineral raw materials are asteroids due to
their relative availability, structural features, and higher concentration of minerals.
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1. Introduction

The growth of the Earth's population, as well as the depletion of natural resources,
forces humanity to look for alternative sources that would allow the continuation of
human activity and development. Despite the implementation of resource-saving
policies by many countries, the demand for mineral raw materials in the world is
growing rapidly, both quantitatively (by approximately 5 % per year) and in terms of
"assortment". The problem of depletion of the earth's interior is exacerbated by the
extremely uneven distribution of deposits, which does not contribute to the stability
of global economic relations. In fact, no country on the planet has reserves of all the
necessary types of mineral raw materials and cannot do without their import. Thus,
the USA fully provides its needs for only 22 types of mineral raw materials
(excluding building and stone materials), while for many types of strategic raw
materials (uranium, cobalt, strontium, tantalum, cadmium, tungsten, chromium,
manganese, etc.) are chronically dependent on import. In general, the USA imports
15-20% (in terms of value) of the mineral raw materials they need, Western Europe —
70-80%, and Japan — 90-95%. Even China, which is second to none by the
assortment of its mineral resources, imports chromites in large volumes [1].

Mineral resources are the primary source, the initial basis of human civilization in
almost all phases of its development. The resources of mineral raw materials are lim-
ited, most of them are actually non-renewable and, if their consumption continues to
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grow exponentially, they will be exhausted in the foreseeable future. At the same
time, it is important to consider the following circumstance: humanity is not in fact
threatened by the imminent exhaustion of mineral resources that are physically pre-
sent in the Earth's interior — the part of many important types of minerals that is tech-
nically available and economically effective (according to the conditions of occur-
rence and quality) is very limited. Its rapid depletion and direction of fewer effective
deposits will mean a serious challenge for the economies of many states. That is why
the questions about whether mineral resource reserves are large or small and how
well they provide for humanity as a whole are completely correct. Only that part of
the natural substance which can be used technically and economically is of real inter-
est. Despite the fact that in the center of the Earth, there is a metallic earth's core con-
sisting mainly of iron and nickel, and many other valuable elements, there are good
reasons to assert that the earth's core will never become a source of replenishment of
balance reserves of these elements for the world economy.

Thus, the problem of resource provision on Earth includes three main aspects:

1) depletion due to the lengthy development of large volumes of non-renewable
resources;

2) shortage of certain types of resources, due to their rarity and small concentra-
tions;

3) high expensiveness of extraction and beneficiation due to a number of factors,
including deposit conditions and technological imperfections.

Speaking about resources in general, we are talking about all types of resources —
energy, mineral, water and, separately, oxygen.

Over time, the depletion of the Earth's resources will be able to justify the cost of
their extraction in airless space, and the creation of processing factories directly on
space bodies and their orbits will significantly reduce the cost of the process. In the
era of globalization, the exploration of outer space becomes an important component
of the overall strategy for the development of humanity. The scientific and technical
progress of the XXI century, which has a powerful impact on a person, society and
nature, is unthinkable without the active use of space technologies and materials [2].

State and commercial structures of a number of countries (the USA, Great Britain,
Luxembourg, China, Taiwan, India, and Japan) are taking concrete steps to develop
space technologies aimed at the exploration of space resources, primarily asteroids.
The development of technologies for researching space objects and methods of trans-
portation to them, as well as technologies for exploration and extraction of minerals,
is being intensified. The relevance of this direction is confirmed not only by the
development of appropriate technologies for the exploration of space objects but also
by the development and improvement of the legal framework governing space
exploration. The juridically legal aspect of the problem of space exploration confirms
the relevance, necessity and timeliness of research aimed at searching alternative
ways and sources of obtaining energy carriers and mineral raw materials in outer
space.

Studies of space objects (planets, satellites, comets, asteroids) aimed at searching
potential alternative sources of energy carriers and non-traditional mineral raw mate-
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rials are relevant. Space exploration will help to solve a number of global problems of
humanity, including demographic, food, energy, raw materials, and environmental.

The purpose is to justify the need of searching for potential alternative ways of
obtaining energy carriers and mineral raw materials of a non-traditional type and to
determine their possible sources in outer space.

Potential space objects for obtaining energy carriers and mineral raw materials.
Potential space objects are planets, satellites, comets, asteroids. In this regard, it
should be noted that the resource potential of most space objects is still unexplored
due to a number of legal and, to a large extent, technical and technological problems.
At present, technical capabilities allow extracting only samples of lunar, Martian, or
other soil for scientific purposes, but science and technology do not stand still.
Researchers note that one of the main directions in the development of cosmonautics
is the activity of research and development of the bodies in the Solar System. Of
course, the development of technologies in the field of space in the nearest future will
make it possible to carry out commercial activities related to its exploration,
including the extraction of minerals. A number of non-governmental organizations
already today have capabilities to launch spaceships.

If we consider planets as potential objects for the exploration of resources, it is
advisable, first of all, to pay attention to the planets adjacent to the Earth, that is, the
planets of our Solar System. These are Mercury, Venus, Mars. In addition to the
planets in the Solar System, there are still many potentially very resource-rich
satellites, such as the Moon, lo, Europa, Ganymede, and Callisto.

Below is a brief overview of the planets in our Solar System based on the
materials of paper [3].

Mercury. A small planet that is closest to the Sun. Despite this, the temperature on
Mercury can drop to -200 degrees Celsius. The most valuable resource on the planet
is soil, due to the fact that there is a lot of Helium-3 in the soil of Mercury, which can
be used to obtain clean energy without radioactive waste. There are also reasons to
believe that there is a lot of magnesium, sulfur and deposits of various ores in the
depths.

Venus. A planet on which, during rain, sulfuric acid falls from the sky instead of
the water usual for earthlings. According to available data, the second planet from the
Sun is rich in lead and bismuth. Since the planet is located very close to the star, the
temperature can sometimes reach +500 degrees Celsius. Extracting resources there
can be problematic.

Mars. Mars is believed to be very similar to Earth in the past, so there is reason to
suggest that there may be a large supply of water under the surface. The presence of
iron, copper and gold, which may be suitable for mining in the future, is also as-
sumed.

Almost nothing is known about minerals on other planets [3].

Asteroids are the most promising for priority exploration as sources of mineral
raw materials, owing to the peculiarities of their structure. The essence of the differ-
ence between the structure of asteroids and the structure of planets and their satellites
is as follows.
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The planets, including the Earth, have a zonal structure from the center — the core
- to the periphery, that is, to the surface (core, mantle, earth's crust). This determines
the differentiation by specific gravity and, accordingly, the distribution of light and
heavy elements and a decrease in the concentration of the latter from the core to the
Earth's surface. And, as a result, their rarity within the shallow depths available for
development and production. In contrast to planets with a zonal structure, asteroids
are fragments, debris of once integral cosmic bodies and are devoid of zonality, orig-
inally determined by the differentiation of substance by its specific gravity. That is,
the concentrations of individual elements on different asteroids can significantly ex-
ceed Clark ones for planets and satellites. Unlike Earth, where heavy metals are lo-
cated closer to the core, metals in asteroids can be distributed throughout the object.
Thus, extracting them is much easier. Asteroid resources have a number of unique
features that make them even more attractive. They can contain water, gases — oxy-
gen O, hydrogen H,, methane CH4, ammonia NHs, carbon dioxide CO,, carbon
monoxide CO (Fig. 1). The content of many valuable components, taking into con-
sideration the peculiarities of the structure and composition of asteroids, as men-
tioned above, at times exceeds the concentration of the corresponding elements on
Earth (Table 1). Platinum and elements of the platinum group are particularly valua-
ble components.

High Value Asteroid Materials
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Figure 1 — Potential resources of space asteroids [4]

Water from asteroids is a key resource in space. Water can be turned into rocket
fuel or supplied for human needs. In addition, it can radically change the way to study
space. One water-rich asteroid with a width of 500 m contains 80 times more water
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than can fit in the largest tanker, and if it is turned into fuel for spacecraft, it will be
200 times more than would be needed to launch all the rockets in human history [4].

Table 1 — The multiplicity of the exceeding content of certain elements on asteroids compared to
Clarks on Earth (according to [4])

Chemical element The multiplicity of the exceeding content on asteroids compared to Earth
Hydrogen H 17
Carbon C 75
Nitrogen N 74
Iron Fe 4
Cobalt Co 27
Nickel Ni 155
Ruthenium Ru 810
Rhodium Rh 180
Palladium Pd 44
Osmium Os 440
Iridium Ir 540
Platinum Pt 196

Having gained access, and having learned how to extract, remove and use the
water resources of asteroids, the extraction of metals on them will become much
more real. Some near-Earth objects contain platinum group metals in such high
concentrations that only the richest earth mines can boast. One platinum-rich asteroid
with a width of 500 m contains almost 174 times more of this metal than is mined on
Earth in a year and 1.5 times more than all known world reserves of platinum group
metals.

The advantages of asteroid development also include such factors as:

— proximity to the Earth — some asteroids are close enough that sending a manned
or automatic mission to these objects is not an impossible task for a person;

— experts are already identifying thousands and thousands of promising objects,
over time their number will only increase as we study.

Currently, hundreds of thousands of asteroids have been discovered in the Solar
System, and the catalog already contains about 700 thousand of them. The orbits of
most of them (almost half a million) have been determined with satisfactory
accuracy, and the asteroids themselves have received an official catalog number.
About 20 thousand celestial bodies have officially approved names. Experts say there
are likely 1.1 to 1.9 million objects larger than 1 km in size in the Solar System. The
largest number of asteroids is in the asteroid belt, which is located between the orbits
of Jupiter and Mars. This area is also often referred to as the main asteroid belt or
simply the main belt, thus emphasizing its distinction from other similar regions of
the minor planet cluster, such as the Kuiper belt orbiting Neptune, as well as the
cluster of the scattered disk and the Oort cloud. Reachable for humans are those from
asteroids whose orbits are in space between Mars and the Moon. If a spacecraft can
be sent there (with minimal costs), then, most likely, such an asteroid can be
developed. So far, about 12 thousand asteroids accessible to humans have been
counted — and this is already a significant number [5].
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Promising asteroids for development are considered to be those that can be
brought closer to the Earth with minimal energy expenditure. Such asteroids are
proposed to be transferred to one of the orbits near the so-called Lagrange points L;
and L,, where they can be left in relative immobility. Both orbits are about a million
kilometers away from Earth.

Asteroids vary widely in composition. Each of them contains water, metals and
carbon materials in different amounts. The qualitative composition of asteroids
determines their spectrum during astronomical study, and their classification is based
on this. Clark Chapman, David Morrison and Ben Zellner proposed the current
classification in 1975 [6]. It contained three types: C — dark carbon objects, S — stony
(silicon) objects and U — for asteroids that do not fall within C and S categories.
Later, this classification was expanded and clarified.

Currently, there are a number of classifications, and although they keep some
mutual uniformity, some asteroids in different schemes belong to different classes —
due to the use of different criteria in the approach. Two classifications are most
commonly used: David Tolen [7] and SMASS (Small Main-belt Asteroid Spectro-
scopic Survey) [8, 9]. Nowadays, spectral classifications are standard. Presently,
three main classes of asteroids have been identified, depending on their chemical
composition:

1) class C — with a high carbon content (75 % of known asteroids);

2) class S —silicate or stony (17 % of known asteroids);

3) class M — predominantly metal (most others).

Review of potential energy resources of space. Water H,O, hydrogen H,,
oxygen O, helium-3 (He-3) should be considered as the most promising potential
energy resources of space.

Helium-3 (helion). According to many experts, helium-3 is the only one of
minerals whose delivery from the Moon to Earth can be economically justified.
Helium-3 is an isotope of helium, the nucleus of which consists of two protons and
one neutron, unlike helium-4, which has two protons and two neutrons. Helium-3 is
very rare in nature on Earth. Its total amount in the Earth's atmosphere is estimated at
35 thousand tons. Most of the helium-3 on Earth has been preserved since its
creation. It is dissolved in the mantle and gradually enters the atmosphere. However,
its entry from the mantle into the atmosphere (through volcanoes and fractures in the
crust) is estimated to be only a few kilograms per year.

Helium-3 is the main fuel component for thermonuclear reactors, and although it
is a future prospect, it is still in high demand today. It is not in demand for energy,
but for nuclear physics, cryogenic industry and medicine. This is:

— neutron counters (gas counters filled with helium-3 are used to detect neutrons,
this is the most common technique of measuring the neutron flux);

— obtaining ultra-low temperatures (by dissolving liquid helium-3 in helium-4,
millikelvin temperatures are reached);

— medicine (polarized helium-3 (it can be stored for a long time) has recently
begun to be used in magnetic resonance tomography to obtain images of the lungs
using nuclear magnetic resonance).
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But despite the usefulness of this isotope for the above-mentioned areas, it is
advisable to consider it, first of all, as nuclear fuel. Helium-3 is, firstly, a very
efficient thermonuclear fuel, and secondly, what is even more valuable, it is
environmentally friendly. When it is used, radiation does not occur, so the problem of
nuclear waste disposal, which is so acutely facing the world, disappears by itself [10].
Currently, helium-3 is not extracted from natural sources but is created by the decay
of artificially obtained tritium.

Despite the fact that the helium- 3 abundance on Earth is negligible, hydrogen and
helium are the most abundant elements in the Universe. A group of astronomers from
the University of Manchester (Great Britain), together with colleagues from Spain
and Mexico, discovered helium-3 at a distance of 4.000 light-years from Earth. This
discovery became possible thanks to the use of the largest antenna (70 meters in
diameter) of the NASA surveillance complex [11]. Unexpectedly high concentrations
of this gas were detected, more than 500 times higher than the concentrations of
helium-3 known on Earth, and several times higher than the most "optimistic" fore-
casts obtained by calculation. According to the authors of the paper, the observed
increased concentrations of helium-3 can be explained by the atypical nature of the
star under research, otherwise, the total content of helium-3 in the Universe should be
even higher. The research was published in the journal Monthly Notices of the Royal
Astronomical Society, Letters.

There is much more primary helium-3 in the Sun and in the atmospheres of the
giant planets than in the Earth's atmosphere. Helium-3 is a by-product of reactions
occurring in the Sun and is contained in a certain amount in the solar wind and the
interplanetary medium. In the Solar System, the largest supply of helium-3 is in the
depths of gas giants such as Jupiter or Saturn. However, unlike stars that constantly
produce this isotope, giant planets close to us received it at the stage of their
formation, and now only store helium-3 reserves in their layers [12].

The moon, which has no atmosphere, retains a significant amount of helium-3 in
the surface layer. Helium-3 is gradually accumulated in the lunar regolith over
billions of years of exposure. Regolith is a residual soil that is a product of space
weathering of rock at the place of its distribution. Nowadays, this term is most often
used to refer to the surface layer of loose lunar soil. The term can also be applied to
the materials that cover the surfaces of other small atmosphere-less planets and
moons (for example, Mercury, Deimos), as well as asteroids. Regolith occurs as a
result of the crushing, mixing and sintering of rocks during the fall of meteorites and
micrometeorites in conditions of vacuum and in no way attenuated space radiation.
By radioisotopes, it was established that some fragments on the surface of the
regolith were in the same place for tens and hundreds of millions of years. By its
structure, it is a non-layered, loose, of different grain size, detrital-dust layer,
reaching a thickness of several tens of meters. It consists of fragments of erupted
rocks, minerals, glass, meteorites and breccias of shock-explosive origin, cemented
with glass. According to the granulometric composition, it belongs to silty sands (the
main mass of particles has a size of 0.03 — 1.00 mm). The color is dark gray to black
with inclusions of large particles that have a mirror shine. The mineral composition
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of lunar regolith is a mixture containing ilmenite FeTiOs, olivine (MgFe),[S104],
anorthite Ca[Al,S1,05], pyroxene R,[Si1,05] (where R is Na, Ca) [13]. The regolith
contains helium-3 in the sorbed state.

Research on the determination of the helion content in samples brought from the
Moon showed that it is approximately 7.43x10° m’/t [14-15], which in terms of
physical chemistry is called the sorption capacity of the regolith in relation to the
helion. Thanks to the solar wind, helium is not only adsorbed on the surface of the
regolith but also penetrates through diffusion into its crystal lattice. At the same time,
such processes take place during the entire existence of the Moon. The pressure of the
helium on the surface of the Moon is estimated using a formula that has the form
[16]:

P=1.6726x10"% xnx V2,

where P — pressure (nPa); 1 — particle density (sm™); V' — the speed of particles (km/s).
Given that n=15x10"> cm3, ¥ = 1000 km/s, we have P = 0.025 nPa =

=2.5x107"" Pa. At such low pressures, not exceeding 0.1 MPa, the adsorption
process (a) of gases is well described by Henry’s isotherm [16]:

a=kxP,

where k is Henry's constant, which is 3x106 m3/t/Pa for this particular process of
helium adsorption on the lunar regolith. This value is of practical importance, as it
allows for evaluating more accurately the total amount of helium on the Moon, as
well as for designing regolith processing facilities for its extraction.

According to estimates [17,18], the available reserves of helium-3 on the Moon
will be enough for thousands of years ahead — a ton of lunar soil (in the thinnest
surface layer) contains about 0.01 g of helium-3 and 28 g of helium-4. This isotopic
ratio is much higher than in the Earth's atmosphere. According to experts, the
minimum amount of helium-3 on the Moon is about 500 thousand tons, according to
more optimistic estimates, it is at least 10 million tons. During the thermonuclear
fusion reaction, when 0.67 tons of deutertum and 1 ton of helium-3 react, energy is
released, which, as already mentioned above, is equivalent to the energy of burning
15 million tons of oil. At the same time, it is worth noting the fact that at present it is
still necessary to further study the technical possibility of carrying out such reactions.

The main problem at this point in time remains the reality of helium extraction
from the lunar regolith. Although helium-3 is contained in the surface layer, its
concentration in it is very low. The content of helium-3 necessary for energy
production is approximately 1 gram per 100 tons of lunar soil. It is important that
helium-3 will have to be separated from unnecessary helium-4, the concentration of
which in the regolith is 3 thousand times higher. According to [10], in order to obtain
1 ton of helium-3 on the Moon, it will be necessary, as already noted, to process 100
million tons of lunar soil. We are talking about an area of the Moon with a total area
of about 20 square kilometers, which will have to be processed to a depth of 3 meters.
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At the same time, the very procedure of delivering 1 ton of this fuel to Earth will cost
at least 100 million dollars. But in fact, even this very large amount is only 1 % of the
cost of energy that can be extracted at a thermonuclear power plant from this raw
material.

According to estimates [19, 20], the cost of extracting 1 ton of helium-3, taking
into account the creation of all the necessary infrastructure for its extraction and
delivery to Earth, can amount to 1 billion dollars. It is important that transporting 25
tons of helium-3 to Earth will cost 25 billion dollars, which is not such a large
amount, if you consider that such a scale of fuel is enough to provide Earthlings with
energy for a whole year. The benefit of such an energy carrier becomes obvious if
you calculate that only the USA spends about 40 billion dollars a year on energy
carriers. According to Harrison Schmitt’s calculations [17, 18], the use of helium-3 in
terrestrial energy, considering all the costs of delivery and extraction, will begin to
pay off and will be commercially profitable when the production of thermonuclear
energy using this raw material will exceed the capacity of 5 GW. In fact, this suggests
that even one power plant running on lunar fuel would be enough to make delivery to
Earth cost-effective. According to H. Schmitt's estimates, the number of preliminary
expenses still at the stage of research will amount to about 1 billion dollars.

Erik Mikhailovich Galimov [10] proposed one of the possible options for the
production of helium-3. In order to organize the extraction of the isotope from the
lunar surface, he suggests heating the regolith to 700 degrees Celsius. After that, it
can be liquefied and extracted to the surface. From the viewpoint of contemporary
technologies, these procedures are quite simple and well-known. The scientist
proposes to heat the raw materials in special "solar ovens", which will focus sunlight
on the regolith with the help of large concave mirrors. At the same time, it will be
possible to extract oxygen, hydrogen and nitrogen contained in the lunar soil. And
this means that the lunar industry could produce not only raw materials for the Earth's
energy complex but also fuel for the rockets that carry it, as well as air and water.
Currently, similar projects are also being worked on in the USA.

The paper [16] presents the scientific justification of the technologies for
extracting helium from the lunar regolith using thermodynamic heating, resonant
electromagnetic radiation, and active oxidation by microorganisms as promising and
effective methods that may have practical use in the future.

The regolith also contains a large amount of titanium, which in the distant future
may help establish the production of elements of rocket bodies and industrial
structures directly on the Earth's natural satellite. In this case, only high-tech elements
of rockets, computers and devices will have to be delivered to the Moon.

The economic potential of helium-3 attracted the attention of American scientists.
Projects on processing regolith and extracting helium-3 were carried out at one time
by experts from NASA. Gerald Kulczynski and John Santarius of the University of
Wisconsin assert that helium-3 is the future of American energy. It contains all the
energy that the United States may need [21].

China is currently working on a helium-3 mining program on the Moon. Chinese
scientists are considering the possibility of fully providing the national economy with
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its own energy due to the extraction of the helium-3 isotope on the Moon and its use
on Earth as fuel for a new generation of thermonuclear reactors. A leading scientist
working on China's lunar program said recently that the helium-3 found on the Moon
is enough to meet energy needs for at least the next 10 thousand years. According to
his calculations, 0.02 g of helium-3 is equal to one barrel of oil in terms of the energy
contained in it [22]. Chinese scientists plan to extract helium-3 by heating the lunar
dust to 600 degrees. Then the received element will be sent to Earth for its targeted use [23].

An employee of the Indian Space Research Organization (ISRO), Professor
Sivathanu Pillai stated that the development of a lunar surface rich in helium-3 is a
priority area of work of the ISRO and his country intends to obtain energy resources
from the Moon by 2030. The necessary energy will be obtained from helium-3, which
will be mined on the surface of the Earth's satellite. Pillai said that his organization
intends to deploy large-scale processing of lunar dust. He added that other countries
are also interested in lunar energy, and the reserves of lunar soil are enough to meet
the energy needs of the entire Earth [24, 25].

So, at present, China, India, the USA, Russia, and Japan — all these countries are
striving to explore the Moon, and later these countries will become more and more.

Water H>O, oxygen O, hydrogen H. As an energy carrier, water is also
important because its chemical composition allows it to be split into hydrogen and
oxygen. Water during space exploration can be required not only directly for work on
space stations but also when it is split into hydrogen and oxygen — as fuel for
reactors. Hydrogen is something that can be used to recharge fuel cells. By
recombining hydrogen with oxygen, you can get a fairly energy-intensive fuel.

Water from asteroids can either be converted into rocket fuel or delivered to
special storage facilities located at strategic areas in orbit for refueling spacecraft.
Such type of fuel, which is supplied and sold, can give a huge impetus to the
development of space flights.

Water from asteroids can significantly reduce the cost of space missions, since
they all depend primarily on fuel. For example, it is much more profitable to transport
a liter of water from one of the asteroids to the Earth's orbit than to deliver the same
liter from the surface of the planet. In orbit, water can be used to refuel satellites,
increase the payload capacity of rockets, maintain orbital stations, provide radiation
protection, etc.

Review of potential mineral resources of space. In general, the main resources
that are necessary and possible to extract in space are water, gases and metals.

As mentioned above, the content of many valuable components on some space
objects is many times higher than their concentration in the earth's crust. The most
promising mineral resources of space are, first of all, rare and rare-earth elements,
platinum and platinum group metals (PGM): ruthenium, rhodium, palladium,
osmium, iridium, as well as nickel and cobalt. The PGM are very rare on Earth. They
(like metals similar to them) have specific chemical properties that make them
extremely valuable for industry and the economy. In addition, their overabundance
and excess can give rise to their new, not studied yet usage. Platinum group metals
are the prospect of quick payback for investments in the space mining industry. It is
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one of the rare space-mined products that can be cost-effectively delivered to Earth.
Platinum group metals are indispensable in automotive catalysts, and in the
production of silicone and glass. They are present in computer hard drives, in the
automotive industry. In medicine, these metals are indispensable due to their
compatibility with biological tissues.

In addition to being delivered to Earth, metals mined on asteroids can be used
directly in space. Such elements as, for example, iron and aluminum, can be used in
the construction of space objects, protection of apparatus and so on.

Before talking about the prospects of space development, it is advisable to find
out what can still be mined in space. As mentioned earlier, M-class asteroids are the
most promising object — the third most abundant element in the Solar System. Most
(though not all) asteroids of this class consist of an alloy of nickel and iron. Quite
often these are huge pieces of alloy, and almost without impurities. They are believed
to be formed as a result of the destruction of the iron cores of large asteroids and
protoplanets that had emerged at the initial stages of the development of the Solar
System. The largest asteroid of this type is 16 Psyche. Its diameter is about 100
kilometers and it consists almost entirely of metal (according to researchers, the mass
of the asteroid is one percent of the mass of the entire main asteroid belt, where it is
located). The main merit and advantage of M-class asteroids is the high nickel
content in the alloy compared to terrestrial ones.

Another class of asteroids that could potentially be useful for mining is the S type.
They make up about 17 percent of the entire population of asteroids in the asteroid
belt and are composed mostly of magnesium and iron silicates. Scientists believe that
such asteroids may contain deposits, although mainly in the form of veins — iron,
nickel, magnesium, and other metals. In addition, experts argue that asteroids may
well have deposits of gold and many other metals.

A typical M-class asteroid with a diameter of about a kilometer contains (in com-
pliance with estimates by planetary scientist John Lewis) 30 million tons of nickel,
1.5 million tons of cobalt, and 7.5 thousand tons of platinum [5]. The cost of only the
latter is about 150 billion dollars. It is believed that the Solar System may have up to
a million of such asteroids — for example, 3554 Amon, its value was estimated at 20
trillion dollars.

The considerable volume of space resources (including those on the Moon) also
provides information on deposits of titanium, barium, aluminum, and zirconium.

Review of necessary resources for life support. The main resources for life
support are oxygen and water. In addition to its critical hydration role, water provides
other important benefits for space. It can protect against solar radiation, be used as
fuel, give oxygen, etc. Today, all water and related resources needed for spaceflight
are transported from the Earth's surface at prohibitively high prices. Of all the re-
strictions on human expansion into space, this is the most important. It would be
much cheaper to find water in space than to deliver it from Earth. After all, launching
each kilogram into space will cost tens of thousands of dollars. The price of such
water can be lower than the cost of its delivery from Earth.
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Asteroids made of carbonaceous chondrite can be considered the best sources of
water. On such an asteroid, drilling is not required — to remove water, it will be
enough to simply scrape its surface, given its loose, fragile structure.

The possession of water is not a distinguishing characteristic of our planet alone.
Meteorites that fall to Earth contain up to 0.5 % of it. Scientists have established with
sufficient conviction: water in one form or another is present on comets, asteroids,
small and large planets of the Solar System.

NASA scientists announced the discovery of liquid water on Mars. To date, the
most thorough evidence concerning the presence of salt water flows on the surface of
the planet was discovered by the automatic interplanetary station Mars
Reconnaissance Orbiter (MRO). It is worth noting that dark streaks on the Martian
surface, the length of which can reach hundreds of meters in warm periods, were first
discovered in 2010 and even then indirectly confirmed the fact of the presence of
liquid moisture. However, it was not possible to prove their origin at that time. But,
with the help of the CRISM spectrometer, which is on board the MRO, scientists
managed to analyze the reflected sunlight and determine the composition of the
substances of these bands, as well as detect molecular water in the structure of the
minerals that make them up. As for the possible source of this water, a clear
explanation has not yet been found. It can be formed from underground ice that melts
upon contact with salts or salty aquifers, or it can condense from the atmosphere of
Mars [26, 27].

NASA's interplanetary probe Cassini discovered an ocean with salt water in the
bowels of one of Saturn's satellites, Enceladus [28]. In 2005, Cassini discovered on
Enceladus jets of water ice particles and steam, which are emitted into space from
parallel cracks near the south pole — the so-called tiger stripes. The question of the
source of this steam and ice was being considered.

In 2009, with the help of Cassini, scientists studied one of Saturn's rings, the E
ring, formed by ice particles ejected by Enceladus. Now, scientists have analyzed
relatively fresh ice particles captured by Cassini during its three approaches to
Enceladus in 2008 and 2009. As it turned out, the vicinity of Enceladus is dominated
by relatively large particles of ice, while almost 90 % of the particles are similar in
composition to ocean water and contain large amounts of salts, as well as potassium
and sodium. The new data indicate the existence of a reservoir of salt water with a
large evaporating surface, which serves as the source of almost all the substance in
the emissions, meaning that there is an ocean of salt water below the surface of
Enceladus.

Evidence suggests that the ocean on Enceladus resides between the moon's stone
core and its icy surface, possibly as deep as 80 kilometers below the surface. This
water washes salts from the stone core and rises closer to the surface, where it
accumulates. When cracks appear in Enceladus' ice shell, the pressure in the
subsurface reservoirs drops sharply, and the water begins to evaporate rapidly and is
emitted into space, where it subsequently freezes [28].

In compliance with the data of some researchers, there are significant deposits of
water on the Moon, which is there in the form of icy inclusions placed in deep layers
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of regolith. Previously, scientists believed that water is located mainly in the polar
latitudes of the Moon, near the poles of the planet [29]. However, recent studies by
NASA have shown that water on the moon is spread over the entire surface, and not
limited to the polar regions, as previously thought. Scientists from the Institute of
Space Research in Boulder came to such conclusions after analyzing the data of two
orbital probes [30, 31].

However, the findings suggest that water is not the same as on Earth and may also
be unavailable. Lunar water probably exists mainly as the more reactive hydroxyl, or
OH, groups. Since it is more reactive, water on the moon quickly converts chemical
compounds. It also attaches to other molecules. This means that water must be
extracted from minerals on the Moon before they can be used.

Detailed research will help to understand whether it is possible to use water on the
moon as a resource. If it is readily available, it can be taken as a drink water and also
converted into oxygen, which can be used for breathing, or hydrogen, which can be
used for rocket fuel.

In line with some reports, the conditions on Mars are almost ideal for obtaining
oxygen directly from the planet's atmosphere, which is almost 96 % carbon dioxide.
It is possible to decompose carbon dioxide into oxygen and carbon monoxide with
the help of a low-temperature plasma-ionized gas, the charged particles of which can
tear individual ions out of the carbon dioxide molecule, and indirectly contribute to
their separation, transferring additional energy to individual atoms in the molecule
and increasing the amplitude of molecular vibrations.

Due to the fact that the temperature on Earth is usually relatively high, in
terrestrial laboratories, carbon monoxide oxidizes back to carbon dioxide rather
quickly. Therefore, this method of obtaining oxygen on Earth is not very effective.
On Mars, however, where the average temperature is about minus 60 degrees Celsius,
and the pressure is 160 times lower than on Earth, the re-oxidation reaction will take
place very slowly, which will give time to separate the oxygen and carbon monoxide
and have time to place them in different containers.

Companies that will develop an efficient way of extracting water in space will be
able to use it not only for various life support systems and the creation of rocket fuel,
but also use it for radiation protection, and will also be able to sell it to others. If the
extraction of water and oxygen is successful, the development of other elements and
metals on space objects will become much more realistic.

2. Conclusions

The performed analysis of potential alternative ways and sources of obtaining
energy carriers and mineral raw materials in outer space was aimed at searching for
the most promising space objects and types of resources (energy, mineral, water) for
their possible exploration. Asteroids should be recognized as promising space objects
for the extraction of mineral raw materials due to their relative availability,
peculiarities of their structure, and higher concentrations of minerals. Exactly metal
asteroids are the most valuable among them, and rare and rare-earth elements,
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platinum and metals of the platinum group, nickel, cobalt are the most promising raw
materials.

The Moon is a potentially attractive and possible object, on which the processing
of the lunar soil — regolith, and the extraction of helium-3 from it can be the most
expedient and useful. It should be noted separately that the extraction of helium-3
from the regolith on the Moon is the most realistic for the primary exploration of
space resources in view of proximity, potential technological capabilities and the
value of the final product.

The main and most important directions of extraction and use of resources in
space are 1) life support during the exploration of space objects, 2) energy supply,
3) extraction and beneficiation of minerals, 4) chemical and biological production.

Issues of life support involve providing, first of all, oxygen and water. For energy
supply purposes, it is advisable to consider helium-3 (helion), water, oxygen,
hydrogen, and methane as potential sources.
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ornan NOTEHUIMHUX MKEPEN OTPUMAHHSI EHEPrOHOCIIB | MIHEPANbHOI CUMPOBWMHU Y
KOCMIYHOMY NPOCTOPI
Gespy4yko K.A.

AHorauis. [Npobnema pecypcHoro 3abeaneyeHHst Ha 3emni BKIoYae B cebe TPU OCHOBHWX acnekTi — BUCHAKEHHS
BHACIIZOK TpMBaroi po3pobku y Benukux obcsrax HeBIGHOBKOBAHWX pecypciB, AedilnT OKpemMux BUAIB pecypcis, 3a-
BASKM X PIOKICHOCTi Ta HE3HAYHWUM KOHLIEHTPALLisIM, BUCOKA AOPOXKHEYA BUIYYEHHS i 36arayeHHs 3a HU3KOK YMHHWKIB,
TOMY YMCAi YMOB 3ansraHHs Ta HE4OCKOHANOCTi TeXHonorin. Pecypeun B LiNOMy Lie YCi BUAM PECYPCiB — EHEPreTUYHI,
MiHepanbHi, BOAHI Ta OKPEMO KiceHb. OfHUM 3 MOXMMBUX HANPSIMKIB MOLLYKIB anbTepPHATUBHUX HETPAAMULINHNX Dxepen
eHeprii Ta MiHepanbHOi CMPOBUHI € KOCMIYHI 06'ekT. OCBOEHHS KOCMOCY AOMOMOXE BUPILLNTK Linui psag rnobanbHuxX
npobnem NIOACTBA, B YUCHi SKuX: AemorpaddiyHa, NPOA0BOIbYa, EHEPreTUYHA, CUPOBMHHA Ta EKOMOriYHa.

Meta poboTi — 0BrpyHTyBaHHS HEOBXIAHOCTI MOLLYKY NOTEHLIMHUX anbTEPHATUBHIX LLNAXIB OTPUMAHHS EHEProHO-
CiiB i MiHepanbHOi CUPOBWMHW HETPAZWULIAHOIO TUMY Ta BU3HAYEHHS X MOXIMBMX DKepen y KOCMIYHOMY NPOCTOPi.

Ha 3acapax aHaniTMyHOro ornsay NOTEeHUiNHUX anbTepPHATUBHUX WNAXIB Ta DKepen OTPUMaHHS eHEpProHoCiiB i Mi-
HepanbHOi CMPOBMHM HETPAAWLIAHOMO TUMY OBrpyHTOBAHO, LU0 AOCTIMKEHHS KOCMIYHMX OB'EKTIB (MnaHeT, CynyTHUKIB,
KOMET, acTepoigiB), CNPSMOBaHi Ha NOLWYK NOTEHLAHMX anbTepHATUBHUX [KEPEN OTPUMAHHS EHEproHOCiiB i MiHepanb-
HOT CUPOBUHW HETPAAMLINHOTO TUMY € akTyanbHUMK. [igTBEpAKEHHAM aKTyarbHOCTI JaHOro HanpsMKy € He TinbKu pos-
pobka BiANOBIAHMX TEXHOIOriM OCBOEHHS KOCMIYHWUX OO'EKTIB, ane i pO3BMTOK Ta BAOCKOHANEHHS HOpPUOUYHO-NPABOBOI
Ba3n, ska pernameHTye 0CBOEHHS KOCMOCY. OCHOBHUMM HaMBaXIMBILLMMM HaNpsIMKamMu JOCAiMKEHb € xuTTe3abesne-
UEHHS! NMPU OCBOEHHI KOCMIYHUX 06’ekTiB, eHeprozabesneyeHHs), BUAoOyToK i 36arayeHHst KOPUCHWX KomanuH, XiMiuHe Ta
BionoriyHe BUPOBHMLTBO. MMUTaHHA xMTTE3abe3neyeHHs nepeabavatoTs 3abe3neyeHHs, B NePLLY Yepry, KUCHEM Ta BO-
poto. [ins eHepro3abesneyeHHs K NOTEHLAHI Dxepena LouinbHO posrnagatv renin-3 (He-3), BoAy, KMCeHb, BOAEH,
MeTaH. HanbinbLl nepcrnekTMBHUMK MiHEPaSbHUMM pecypcamMi Y KOCMOC € PiAKICHI Ta pigKiCHO3EMENbHI eneMeHTH,
nnaThHa Ta MeTanu NNaTWHOBOI rpynu, Hikenb, koGanbT. [JoBeaeHo, WO Haibinblw NepcnekTUBHAMM KOCMIYHAMM
ob’ektamu ans BuaobyTKy MiHepanbHOi CMPOBMHM € acTepoian Yepes BigHOCHY AOCTYMHICTb, 0COBNMBOCTI CBOET Oya0BM
Ta BiNbLL BUCOKi KOHLEHTPALLiT KOPUCHWX KONamuH.

KntoyoBi cnoBa: KOCMOC, NaHETH, CyNyTHUKK, acTepOiaun, EHEProHOCIT, MiHepanbHa CUPOBMHa.
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