
energies

Article

Feasibility Study of Low Mass and Low Energy Consumption
Drilling Devices for Future Space (Mining Surveying) Missions
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Abstract: The global climate crisis forces the search for new ecological sources of energy and mining
methods. Space mining can solve those problems, but, first, wide geological surveying space missions
using drilling methods are necessary. Additionally, drilling methods will be important in geological,
life searching, geoengineering, and many other studies of extraterrestrial objects. Space is becoming a
new area of possible drilling applications. Designing future space drilling missions requires adapting
drilling technologies, not only to the conditions of the space environment, but also to the economic
and technological realities of the space industry. The possibility of constructing low mass coring
devices with energy consumption below 100 W was investigated in this paper. Minimization of
energy consumption and mass of a coring is essential for the device to be used in space missions,
when lander instruments supplied by low power electric battery are expected to work reliably and
the launch cost (depending of mass) at an economically acceptable level. Some similar devices
investigated for the future space missions are known from papers listed in the references. To answer
whether or not it is possible to build such devices, the authors performed initial drillability tests. The
obtained results are presented in this paper.

Keywords: space mining; space drilling; drilling; space; raw material; geological surveying; fusion;
helium-3; energy

1. Introduction

There is much scientific evidence that climate change is taking place and is anthro-
pogenic in nature, and this can also be found in recent NASA scientific publications [1–4].
The name of this phenomenon refers to the greenhouse into which more energy (from
the sun) flows than is emitted from it, which gradually increases the temperature inside
the greenhouse, enabling cultivation even during winter. In the case of our planet, the
greenhouse gases emitted by humanity disturb the energy balance of planet Earth reducing
the amount of energy emitted by our planet into space. Additionally, in this case, the global
average temperature increases. Since the Earth’s climate is a very complex system, global
warming does not exclude that local temperatures may also drop for a longer period of
time, but that does not mean that the process is not happening. The heating of the air, land
and oceans means that there is more energy in the atmosphere, which, combined with
more intense evaporation of water from the seas and oceans, results in the intensification
and increase in the frequency of extreme weather phenomena.

There is [1–4] no doubt that the world faces a dramatic climate crisis, never before
seen in the history of mankind. Wildfires in Australia and Siberia in 2020, the heat of June
2021 in Canada, with the highest recorded temperature of 49.5 ◦C (121.1 ◦F) in Lytton
(British Columbia), a tornado in the Czech Republic in June 2021, catastrophic rainstorms
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and flooding in Germany and China in July 2021, are harbingers of future extreme weather
events resulting from the greenhouse effect. These phenomena will be more frequent
and intense in the future. Europe is not prepared for a hurricane, and its effects would
be more dramatic than for the US due to the denser population and construction. The
global greenhouse effect also includes more frequent droughts, water shortages, natural
disasters, hunger, population migrations, human conflicts (including wars), and damage to
technical infrastructure. Although broken power lines can be repaired relatively quickly,
it may be more difficult to quickly repair or replace electric transformers (especially of
high power). Most transformers were not designed to operate at elevated temperatures,
which are beginning to be noted. Heat waves are also a greater load on the power grid
due to the higher power consumption of air-conditioning devices. Power cuts are not
only inconveniences for the population who will not be able to use household electrical
appliances and lighting. Nowadays, societies are much more dependent on the supply
of electricity than they were only a few decades ago. Long-term interruptions in power
supply include the lack of power for hydrophores supplying water to apartments, pumps
pumping water for irrigation of farmlands (problems with food production), downtime of
factories producing food and drugs, no possibility of refueling at gas stations and related
possible downtime in food supplies to cities with millions of inhabitants. The weather
phenomena caused by the greenhouse effect will trigger local periodic breakdowns in
energy, material, and commodity supply chains that humanity will have to learn to quickly
combat, compensate for, and counteract. The global greenhouse effect is a serious problem
that already affects many millions of people. Societies and governments around the world
are becoming more and more aware of this problem. More and more attention is paid to
the fight against global warming and attempts are made to stop this process, and then to
reverse it. Increasing efforts in this direction should be expected.

In order to contain the global greenhouse effect, mankind must take a number of
actions. One of them is the urgent need to find a source of cheap, clean, green electricity
that would be acceptable to the international ecological community. It might seem that
the solution is renewable energy sources based on solar and wind energy. According
to the authors, renewable energy sources have many advantages and there will always
be individual or business customers who, having such an opportunity, will want to be
prosumers, neutral and energy independent. Such independence also gives a business
advantage, as to some extent it makes companies independent of the sometimes unpre-
dictable pricing policy of their countries, enabling them to maintain competitive prices of
their own products. Technological progress will also gradually increase the efficiency of
such solutions, and thus their profitability and effectiveness. Undoubtedly, the widespread
use of renewable energy sources will contribute to the improvement of the energy balance
of the planet Earth, will slow down the process of global warming, but unfortunately it
will not solve the global energy problems of mankind.

The first basic limitation for solar and wind power plants is the daily fluctuations in
electricity production, which can reach even 90%. At night, solar panels do not produce
electricity. Wind farms also have downtime. At sea, there can be almost no wind periods,
and on land, in case of strong winds, the operation of windmills is switched off by setting
them so that they exhibit the lowest possible aerodynamic drag. Due to the increasing
frequency of extreme weather events resulting from global warming, one should expect
more and more severe onshore windstorms during which wind farms will not be able to
operate (at least those using today’s technology). Fluctuations in electricity production
could be eliminated if we could efficiently store large amounts of electricity obtained during
a period of overproduction. In practice, the solutions available on the market are still too
expensive to be used on a large industrial scale. Progress in the development of battery
systems is too slow. There is some hope for a solution to this problem with advances in
fuel cells—energy could be stored in the form of hydrogen produced by electrolysis of
water and then recovered in fuel cells using hydrogen. The advantage of hydrogen is that
it has a greater density of stored energy compared to today’s battery solutions. However,
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any additional indirect process in electricity production will always reduce the global
efficiency of the system and increase costs, which may affect the competitiveness of a
given solution against other technologies. The comparison of the stored power density for
various solutions available on the market can be found in the works [5,6].

The reliability of electricity supplies from solar or wind farms is also debatable in the
context of the recent events that took place in Texas (USA) and Germany in February 2021.
A sudden snowstorm caused icing of the wind turbine elements, immobilizing them, while
the photovoltaic panels were iced and covered with snow. Together with the damage to
the transmission lines, it resulted in the breakdown of the electricity supply chain. During
this energy crisis, electricity prices in Texas soared by up to 1000%. Many experts believe
that by using snow and ice removal systems, real-time monitoring of wind farms and solar
farms, similar problems in the future can be avoided. Unfortunately, extreme weather
events caused by global warming will become more frequent and more intense, which may
render such systems ineffective. In order to secure electricity supplies for the future, one
should strive to diversify its production and supply sources. The course of the energy crisis
in Texas is described on U.S. Energy Information Agency (EIA) website [7] where the EIA
also stated “Natural gas wells in the region have been affected by freezing temperatures that have
disrupted production, and pipeline compressors have lost power, which have both reduced deliveries.
Refineries in the area have halted production”.

In the long term, it is also impossible to meet the growing energy needs of humanity
using only Earth’s renewable energy sources. On 9 May 2019, the Blue Origin company
organized an event where it presented its prototype of the lunar lander [8]. At this event,
Jeff Bezos noticed that, on average, humanity’s energy needs doubling every 25 years. He
also added that satisfying [8] the current energy needs of mankind with solar energy would
require the entire state of Nevada to be covered with photovoltaic panels, and in about
200 years all land on Earth. The solution could be the construction of orbital energy stations
that are mega-structures composed of photovoltaic panels. In orbit, photovoltaic panels
achieve higher efficiency due to the lack of absorption of sunlight by the Earth’s atmosphere
and the possibility of selecting a highly solar orbit almost all day long. Concepts of such
systems are developed by scientists and described in the works [9–11].

An obstacle in the construction of orbital energy stations is the still high cost of
carrying loads into space. In order to launch a payload into space, it is necessary to
overcome the Earth’s force of gravity, which makes it more energy-efficient to bring it, for
example, from the moon, when using a rocket propulsion. Space mining will be helpful
in the construction of orbital power stations, but it is only just developing. We do not yet
know how to build huge installations operating in microgravity conditions. Humanity has
never built a mega-structure in space, and such a project would be incomparably larger
than anything we have previously built or placed in space. We also do not have methods
for efficiently transferring large amounts of electricity from orbit to Earth. Solar panels
used in space differ from those for terrestrial applications and are more expensive than
them, although progress is being made in this area.

Classic nuclear energy causes controversy among ecologists and it is also not a suffi-
cient solution due to the constantly growing energy demand of mankind. However, it can
be a supplement to energy from renewable sources and stabilize the energy system in times
of production shortage. Such a combined system will have a lower carbon footprint, will
be less destructive to the environment than coal-based energy, and at the same time will be
more energy-stable than energy based solely on renewable energy sources. There are also
mini nuclear reactors on the market, which, e.g., the chemical industry is starting to use to
reduce the carbon footprint. An example of such a transaction is the agreement between
the polish fuel company ORLEN and the Synthos Group regarding the development of
nuclear energy in Poland [12].

The energetic problems of mankind will be solved by energetics based on a controlled
fusion reaction. Fusion reactions take place in stars, and our sun’s energy comes from
this type of reaction. Mastering the technology of controlled thermonuclear fusion would
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give mankind an almost inexhaustible source of cheap, clean, and green energy for many
thousands of years. Unfortunately, we do not have such technology yet. The world’s
most famous project, ITER, is a huge, complex international project with an estimated
total construction cost of approximately $20 billion [13]. This project is important for the
development of fusion power, but it cannot be a determinant for commercial projects.
In many places around the world, research on thermonuclear fusion is carried out, as
described in the works [14–19]. Particularly noteworthy is the work [16] from 2010, which
summarizes over 50 years of work on the development of controlled thermonuclear fusion.

Since the publication of article [16], the world has made great progress in high-
temperature superconductor technology (necessary for plasma stabilization) and in the
work on controlled thermonuclear fusion. Some of these works have been described
in publications [20–31]. In [22], the use of electric energy from fusion in transport in
Europe is modeled. Work on controlled thermonuclear fusion is also carried out by
technology start-ups, and some of them have achieved a stable fusion temperature of over
100 million degrees Celsius. Promising results were obtained by Magneto-Inertial Fusion
Technologies Inc. (MIFTI) [32] developing the STAGED Z-PINCH technology. For their
research, they obtained a grant from the Advanced Research Projects Agency (ARPA) of
the US Department of Energy. They cooperate with top research units in the USA. MIFTI
scientists were the first in the world to obtain a 1010 neutron flux. Large companies, such
as Chevron, Eni, Equinor, Amazon, and Microsoft, are already investing in the fusion
technology. China is a country that strongly invest the technology of controlled thermo-
nuclear fusion and making significant progress. Additionally, the USA invests significantly
in this technology. The Italian government has a strong interest in this topic. In turn, the
British government has signed a contract with General Fusion UK [33] under which the
first commercial fusion reactor will be built by 2025. All this suggests that we are on the
eve of a technological breakthrough and the commissioning of the first commercial fusion
reactors, and this will be completed before 2030, and maybe even faster in the first half of
the 2020s.

The first fusion reactors will not be 100% ecological due to the type of fuel used.
The [34] fusion reactions (1) and (2) are easier to obtain than reactions (3)–(5) due to the
lower ignition temperature and higher cross-sections. It is almost certain that the first
fusion reactors will use reactions (1) and (2), despite their many disadvantages, hence
the name of the first generation fusion fuel. In the formulas (1–5), 1H is a single proton
(the nucleus of a hydrogen atom), n is a neutron, 2H is deuterium (D), and 3H is tritium
(T). Reactions (1) and (2) are neutronic, which means that neutrons are formed during
their interaction. In classical nuclear reactors using fissile fuel, neutrons are captured by
materials near the core, causing them to degrade. The flux of neutrons in fusion reactors
will be higher than in classic fission reactors, causing faster degradation of the shields of
these reactors and the necessity of their more frequent repairs, which will increase the costs.
Moreover, secondary nuclear reactions, caused by the interaction of neutrons with the
materials of which the reactor is made, generate radioactive materials. Energy production
with the use of first-generation fusion fuels will not be fully clean and ecological, and, thus,
will not be accepted by the international ecological community. The most problematic fuel
will be (1) using tritium. Tritium is much more expensive (USD 30 billion per tonne) than
the helium-3 isotope (3He) (USD 16.6 billion per tonne) and the hardships of production. Its
production for the purposes of fusion power will be carried out by “breeding” it in a fusion
reactor. The emitted neutrons will react with the lithium blankets (6Li) to give the helium-4
(4He) isotope and tritium (3H). The process is not 100% efficient and the multiplication
factor for tritium atoms is 1.2. There are improved methods of blanket construction which
also contain beryllium atoms whose nuclei allow duplication of neutrons and theoretically
obtaining two tritium atoms from one nucleus. Every 3–4 years, tritium has to be scraped
off the walls of the lithium blankets, which is associated with a complete renovation of the
fusion reactor and downtime in its operation.

2H + 3H→ n + 4He + Energy (17.6 MeV) (1)
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2H + 2H − (50%)→ n + 3He + Energy (3.3 MeV)
2H + 2H − (50%)→ 1H + 3H + Energy (4.0 MeV)

(2)

2H + 3He→ 1H + 4He + Energy (18.4 MeV) (3)
3He + 3He→ 1H + 1H + 4He + Energy (12.9 MeV) (4)

1H + 11B→ 3 4He + Energy (8.7 MeV) (5)

Boron 11B is widely available on Earth, as is hydrogen. The thermo-nuclear reaction (5)
is aneutronic, which means that no neutrons are produced during this reaction. However, it
is the most difficult fusion reaction to carry out of all the fusion reactions mentioned (1)–(5)
and it requires the highest ignition temperature. Reaction (3) has an ignition temperature
over four times as high as that of the (1) reaction, and correspondingly lower cross-sections,
while the (5) reaction is nearly ten times more difficult to ignite and, therefore, the fuel
for this reaction ranks among the fourth generation of fusion fuels. The start-up Marvel
Fusions [35] is working on the development of a technology that utilizes the thermonuclear
reaction (5) using 11B.

The fusion reactions (3) and (4) are aneutronic, and the fuels necessary to carry them
out are called second and third generation fusion fuels, respectively. The lack of neutron
production during both reactions increases the life of the fusion reactor shields. Such
fusion reactors can be smaller and less expensive to maintain. In both cases, electricity
can be directly produced without the need for a working medium circulation and the
associated heat exchangers and steam turbines. This increases the efficiency of such
solutions. Reactors based on the fourth generation fusion fuel will be able to be small,
compact, easier to build, and highly competitive with classical nuclear energy. An example
of a start-up developing [36] technologies based on reaction (3) is Helion Energy.

Second and third generation fusion fuels use the helium-3 (3He) isotope, which is
extremely rare on Earth. Moreover, the [37] addition of 1% He-3 nuclei to the first generation
fusion fuels increases the ion energy 10 times, which may be important for improving
the economics of the first fusion reactors. It is [38] documented that some volcanoes can
emit helium-containing gases with concentrations of 3He ranging from 14 to 30 ppm. A
similar concentration occurs in young basalt rocks. However, these deposits are difficult to
exploit and are rather not large. The 3He isotope is also present in the Earth’s atmosphere,
and at sea level its concentration is 7.27 ± 0.20 parts per trillion volumes. Exploitation of
3He from the air, as shown by research conducted in the 1940s and 1950s, is economically
unprofitable. He3 may [38] also be acquired from helium extracted from natural gas. In
this case, the separation process must be carried out at very low temperatures, usually
below 2.18 K. World helium production in 2014 was around 20,000 tonnes per year with
the average He3 concentration of 0.2 ppm—this could have resulted in around 2 kg He3

per year. The global He3 production from the decay of tritium is around 20 kg.
The Moon is much more abundant in helium-3 (3He). Since it has no atmosphere

and its magnetic field is weak, it is not protected from the solar wind, as is the case with
Earth. For billions of years, the solar wind carried helium onto the lunar surface, which
also contained the isotope 3He. The average [38] concentration of 3He in the lunar regolith
does not exceed 20 ppb. This means that with a 3He concentration of 20 ppb, 150 tons of
regolith would have to be processed to obtain 1 g of 3He. Scientists believe that there may
be areas of higher concentration on the Moon. The results [39,40] of the Change-1 probe
indicate that there may be regions with 3He concentrations of 80 ppb/m2 and higher on
the Moon. In conclusion, the development of cheap, clean, and ecological fusion energy
requires the development of space mining and the commencement of the exploitation of
helium-3 deposits on the Moon.

Space mining ceases to be a topic straight out of a sci-fi novel thanks to progress in
rocket technology (cost decreasing), and begins to be a real business. This is possible thanks
to the advances in rocket technology and the progressive reduction in the cost of launching
payloads into space. The competition for space deposits takes place mainly between the
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USA, China, India, and Russia. The European Union has played a marginal role in this
race so far. There is also fierce competition between the few start-ups from all over that
are working on this topic. China [41] is considering establishing an Earth–Moon space
economic zone by 2050, with insiders expecting the zone to generate $10 trillion a year. The
US is the first country in the world to pass a space law. The USA is also [42] the initiator of
the international Artemis Accords agreement, which enables the establishment of Artemis
Accords Non-Conflict Zones, where an entity from a signatory country of this agreement
and having its infrastructure in this area obtains exclusive rights to economic activity.
However, they do not obtain property rights in this area. As of June 2021, 12 countries [42]
have embraced the Artemis Accords: Australia, Brazil, Canada, Italy, Japan, Luxembourg,
New Zealand, the Republic of Korea, Ukraine, the United Arab Emirates, the United
Kingdom, and the United States. The second country to pass the space law is Luxembourg.
The country is highly interested in the development of space mining. The Luxembourg
Space Agency states in its official document [43] that by 2045, from 845,000 to 1.8 million
people will be working full-time in space mining.

The ideas for exploiting the helium-3 (3He) isotope on the Moon are not new. Some of
the past work on this subject are described in [44]. There are several start-ups in the world
dealing with this topic. In February 2021, space mining start-up Solar System Resources
Corporation Sp. z o. o. and US Nuclear Corp. signed the first historic Letter of Intent [45] for
the delivery of 500 kg of the 3He isotope from the lunar deposits by 2028–2032. Subsequently,
both companies signed a historic trade agreement establishing the Cis–Lunar (Moon–Earth)
value chain and announced [46,47] the beginning of the space mining age, to further
tighten their cooperation in June 2021 [48]. Global nanosatellite company SatRevolution
S. A. is already involved in the development of the aforementioned Cis–Lunar value
chain. The company recently [49,50] together with Virgin Orbit launched two observation
satellites STORK-4 and STORK-5 and plans to build a global mega constellation of REC
observation satellites. Moreover, some of the metals necessary for the development of
high-tech industries, which are much more common in space, are also starting to run out
on Earth. The Astrorank website [51] ranks known asteroids according to their estimated
valuation. Space mining is slowly becoming a fact, and the 2020s promise to be very
interesting. Future permanent bases on the Moon and Mars will give another impetus to
the development of space mining. However, no detected space deposit will be exploited
without first carrying out their accurate “in situ” geological surveying and sampling of
the core samples for research. The history of the oil and mining industry shows that
even initially very promising deposits may turn out to be economically unprofitable to
exploit. Moreover, the prices of raw materials will also change over time. In order to be
able to conduct an economically effective policy for the development and exploitation of
individual space deposits, it is necessary to carefully identify them. As investments related
to space mining will be always more risky than in the case of earth mining, there will be
even greater emphasis on detailed surveying of space deposits.

The detailed “in situ” space deposits surveying cannot be performed without the use
of drilling methods and the planning of many future space drilling missions. However, the
drilling methods used on Earth cannot be directly translated into space applications. It is
necessary to develop a new class of space devices that would combine the achievements of
the drilling industry and the requirements imposed by the space environment, as well as
the current state of development of the space industry.

2. Space Drilling Systems

Space drilling will be extremely important for the development of space mining and
the assessment of space deposits. In the case of 3He isotope deposits, which are rather
superficial, the drilling will not be deep, only a few meters. Space mining is the most
pragmatic reason why we need space drilling missions. However, there are other reasons
as well that drive research into these systems in the scientific community.
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For centuries mankind has been interested in the nature of phenomena occurring in
the sky. The development of knowledge about the Universe has raised discussion on the
possibility of space exploration and extraterrestrial life. Previous space missions to the
Solar System’s objects have not confirmed any possibility of extraterrestrial life. These
results are not unexpected considering the unfriendly surface conditions, e.g., extremely
high/low temperatures, space radiation, and lack of water in liquid state. Some scientists
are convinced that underground conditions can be more friendly for primitive or even
more complicated life forms. Extremophiles, bacteria living on the Earth in extreme
environments, are a strong argument for the possibility of life on extraterrestrial objects
in the Solar System. However, most scientists agree that life (even intelligent) on planets
localized beyond the Solar System in the Circumstellar habitable zone is plausible. In this
context studies of extraterrestrial underground formation are gaining in importance. The
second reason for these studies, which is even more important from practical point of view,
is the planned space exploration. Information about the water/ice and frozen gas content
in the soil and its mechanical and geological properties are essential for base localization
planning. For the future effective economic exploitation of extraterrestrial objects, the
localization of mineral deposits and their geological history must be investigated. Moreover,
the construction of large settlements and industrial facilities on the Moon and Mars will
require many geological and geotechnical studies. For the first bases, their location is likely
to be selected only on the basis of the results of previous space science missions. However,
in the construction of large and commercial facilities and multi-billion commercial projects,
business will expect to reduce the investment risk by carrying out many geological and
geotechnical surveys.

Collecting all this information needs many coring operations performed by au-
tonomous drilling rovers or drilling devices controlled by crew (in case of manned mis-
sions). The industrial practice on the Earth shows that effective, fast drilling needs heavy
devices and equipment with high energy consumption. However, using such devices in
space missions is not possible yet. The space industry has seen a significant reduction
in payload costs. In 2021Q2, a small satellite up to 200 kg can be launched to low earth
orbit (LEO) for USD 1 million (SpaceX Smallsat Rideshare Program). Such a low price is
possible thanks to the sharing of missions by many companies. However, for deep space
missions, such as to the surface of the Moon or Mars, the costs are still high. The cost of
launching the Falcon 9 and Falcon Heavy rockets is USD 60 million and USD 90 million,
respectively. If these values are divided by the payload, the theoretical cost of launching
payload into Mars orbit can be calculated, which is 14,925 USD/kg and 5,357 USD/kg
for the Falcon 9 and Falcon Heavy rockets, respectively. In the case of missions to the
Moon or Mars, these missions are not shared and the service purchaser must pay the
entire cost of launching the rocket. So far, there is no fully operational rocket that would
land on the surface of the Moon or Mars. Landers are required, complicating the mission,
increasing costs and reducing the useful cargo that can be delivered to the surface. The
hope for the space industry is the built reusable Starship vehicle, which is to bring a price
revolution and, according to Elon Musk’s announcement, enable the colonization of Mars.
Thanks to the possibility of vertical landing on the Moon or Mars with up to 100 tons of
cargo, it will be possible to carry out cheaper and logistically simpler missions, as well
as to share them with other companies. However, even when this happens, the drilling
devices launched into space for a long time will be far inferior in size and mass to their
terrestrial counter-parts. When building drilling devices for future space missions, their
mass and energy consumption will have to be minimized, although advances in the rocket
technology mean that the limitations will be more and more relaxed. Moreover, not every
place on the Moon or Mars will be possible to quickly reach with a manned mission that
could last for many months. Drilling devices in space must have a high degree of autonomy
and perform their tasks without human intervention.

Furthermore, the space drilling technology should differ from the one used on the
Earth. The high cost of any excess cargo eliminates mud as the medium for cuttings
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removal, therefore another light system must be designed. Here, however, a number
of problems have to be solved. Research on robotic drilling systems to be used for the
future space missions is ongoing in a few science centers around the world. This type of
research (exemplified in the references to this paper) is gaining in importance. Some of
the works from the past and the current ones concerning drilling in space are described in
publications [52–65] and in a book [66].

The consortium of the Space Research Centre of the Polish Academy of Sciences
and AGH University of Science and Technology joined the research performing a project
“Developing a model of automatic coring drilling machine to operate in extreme conditions,
in particular in the space environment”, financed by The National Centre for Research
and Development. The objective is to design and build an autonomous drilling robot with
mass and power consumption under 10 kg and 100 W, respectively. An unmanned aerial
vehicle (UAV) will be used to simulate the lander. To achieve this goal, first the possibility
of drilling with small power consumption, low rotational speed of tool, small weight on bit
(WOB) and without mud application should be investigated. For this purpose a test stand
for performing initial drillability tests was designed.

3. Materials and Methods

For the reason of analyzing the feasibility of low-energy drilling with the use of
small values of tool rotational speed and weight on bit (WOB), a drillability test stand
was designed and performed. It consisted of mechanical parts, laboratory power supply
(Agilent E3634A 200 W) and a laptop for data acquisition. The drilling tool was driven
by Maxon 341131 motor (nominal power, rotational speed and torque 60 W, 8050 RPM,
85 mNm), respectively, with planetary gearhead (reduction ratio 1:86 giving up to 6 Nm of
torque on output). The torque was transmitted to a spindle through a clutch with maximal
permissible torque 7.5 Nm. The motor with the planetary gearhead, clutch, spindle, and
drilling tool was part of one assembly mounted on the support moving vertically on linear
bearings along two parallel linear guides. There was also mounted a stick on which external
weights were hung. Pressing force on drilling tool (called in drilling literature ‘weight on
bit’—WOB) was a sum of support weight (with all mounted parts) and all external weights.
The 3D CAD model of mechanical parts used in the test stand is shown in Figure 1. Data
from laboratory power supply were sent to a laptop trough an RSS port. A dial indicator
was used for measuring the drilling depth. Two commercially available drilling tools were
used: (1) Makita coring bit P-64484, external and internal diameter adequately 35 mm and
30 mm, mass 192 g; (2) diamond coring bit Bosch Dry Speed, external and internal diameter
35 mm and 29 mm, mass 187 g, respectively. All two coring bits were designed to work
without mud.
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4. Results

Tests were performed for eleven samples: (1) grey foamglas F; (2) black foamglas F;
(3) white foamglas S; (4) Ytong (compression strength Rc = 6 MPa); (5) Szydłowiec sandstone
A—soft; (6) Szydłowiec sandstone B—middle; (7) Szydłowiec sandstone C—hard; (8) massive
reef limestone; (9) bituminous shale; (10) sandstone (core); (11) pudding stone. For the first
two samples the drilling was performed with 24, 16, and 8 V motor power supply and a
Makita coring bit. No external weights were applied, and the weight on bit (WOB) equaled
to 27.27 N. Results were presented in Figure 2 (sample 1) and Figure 3 (sample 2). Peaks on
both figures correspond to the drilling process. Sections preceding the peaks correspond to
the initial phase when drilling process was not started yet and the tool was freely rotating
in the air. In this phase power consumption was lower than while drilling. When drilling
started the power consumption increased to drop down after some time. It was caused by
the fact that cuttings were not removed from the hole (neither mud nor other fluid was
used to remove the cuttings in the tests) and energy was wasted on its grinding. For the
first sample and the 24, 16, 8 V motor power supply, the coring bit was moved into material
at a depth of 55 mm in 3.8 s, 60 mm in 5 s, and 55 mm in 10 s, respectively. For the second
sample and the 24, 16, 8 V motor power supply, the coring bit was moved into material at
a depth of 55 mm in 2.3 s, 55 mm in 5 s, and 44 mm in 5.4 s, respectively. After reaching
these depths, the tool was stopped by the upper face inside the coring bit, making further
drilling impossible. The bit was moved quickly into both samples and it was not clear if it
was caused by drilling or by pressing. Both materials were soft and 27.27 N weight on bit
(WOB) was probably too high for them. After finishing drilling, the coring bit was removed
from the material (freely rotating in the air). This phase was graphically represented by the
end parts of the plots in Figures 2 and 3. For sample 3, the same coring bit and value of
WOB were applied. The test was performed only for 24 V motor power supply. Obtained
results were similar to the previous two. Drilling depth 55 mm was reached after 6.4 s and
the coring bit was stopped on its upper inside face. Results are presented in Figure 4.
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Figure 2. Power consumption during drillability test performed for grey foamglas F sample using
Makita coring bit for three different motor’s power supply voltage: 24, 16, and 8 V. WOB = 27.27 N.

Energies 2021, 14, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 2. Power consumption during drillability test performed for grey foamglas F sample using 
Makita coring bit for three different motor’s power supply voltage: 24, 16, and 8 V. WOB = 27.27 N. 

 
Figure 3. Power consumption during drillability test performed for black foamglas F sample using 
Makita coring bit for three different motor’s power supply voltage: 24, 16, and 8 V. WOB = 27.27 N. 

 
Figure 4. Power consumption during drillability test performed for white foamglas S sample using 
Makita coring bit with motor’s power supply voltage 24 V. WOB = 27.27 N. 

For sample 4, drillability tests were performed with the same Makita coring bit, 27.27 
N weight on bit (WOB) and with motor power supply 24, 16, 8 V. Material was harder, 
drilling process a little slower, thanks to which the drilling speed could be measured. For 
24, 16, 8 V motor power supply, the coring bit was moved into the material at a depth of 
55 mm in 29.7 s, 53 mm in 50 s, and 53 mm in 80 s, respectively. After reaching specified 
depths, like in previous samples, the drilling process was hindered because the tool was 
stopped by the upper face inside the coring bit. Power consumption and drilling speed 
were presented in Figures 5 and 6, respectively. In this sample, the effect of energy used 
on grinding non-removed cuttings is more visible. The drop of drilling speed caused by 
this effect can be observed in Figure 6. 

0 5 10 15 20 25 30 35
0

5

10

15

20

Time [s]

P
ow

er
 [W

]

 

 
Motor power supply = 24 [V]
Motor power supply = 16 [V]
Motor power supply =  8 [V]

0 2 4 6 8 10 12 14 16 18
0

5

10

15

Time [s]

P
ow

er
 [W

]

 

 
Motor power supply = 24 [V]
Motor power supply = 16 [V]
Motor power supply =  8 [V]

12 14 16 18 20 22 24 26 28
0

5

10

15

20

Time [s]

P
ow

er
 [W

]

 

 

Motor power supply = 24 [V]

Figure 3. Power consumption during drillability test performed for black foamglas F sample using
Makita coring bit for three different motor’s power supply voltage: 24, 16, and 8 V. WOB = 27.27 N.
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Figure 4. Power consumption during drillability test performed for white foamglas S sample using
Makita coring bit with motor’s power supply voltage 24 V. WOB = 27.27 N.

For sample 4, drillability tests were performed with the same Makita coring bit, 27.27 N
weight on bit (WOB) and with motor power supply 24, 16, 8 V. Material was harder, drilling
process a little slower, thanks to which the drilling speed could be measured. For 24, 16,
8 V motor power supply, the coring bit was moved into the material at a depth of 55 mm in
29.7 s, 53 mm in 50 s, and 53 mm in 80 s, respectively. After reaching specified depths, like
in previous samples, the drilling process was hindered because the tool was stopped by
the upper face inside the coring bit. Power consumption and drilling speed were presented
in Figures 5 and 6, respectively. In this sample, the effect of energy used on grinding
non-removed cuttings is more visible. The drop of drilling speed caused by this effect can
be observed in Figure 6.
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Figure 5. Power consumption during drillability test performed for Ytong (compression strength
Re = 6 MPa) sample using Makita coring bit with motor’s power supply voltage 24, 16, and 8 V.
WOB = 27.27 N.
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Figure 6. Drilling speed during drillability test performed for Ytong (compression strength
Re = 6 MPa) sample using Makita coring bit with motor’s power supply voltage 24, 16, and 8 V.
WOB = 27.27 N.
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The same Makita coring bit was used for sample 5 in the first drillability test, analogous
to the tests of previous samples. Higher weight on bit 76.32 N was applied. In this test the
drilling depth of 22 mm was reached in 300 s. At this point the test was finished. During the
test 2 Hz frequency and 2 mm magnitude axial vibrations were observed. Performing the
test with a Makita coring bit and 105.75 N WOB was not possible. Cutting edges were dull
and the test had to be interrupted after drilling 13 mm deep hole. During the first 90 s of the
test at 3 Hz, 2 mm magnitude vibrations were observed. The test was continued with the
use of a Bosch diamond coring bit. The drilling was started in a 13 mm cleaned hole drilled
by the previous tool. No vibrations the of drilling tool were observed. The results of these
two tests were presented in Figures 7 and 8, illustrating power consumption and drilling
speed, respectively. The accurate mechanism of vibrations observed while drilling sample
5 with a Makita coring bit was not investigated. Probably the main reason of uneven work
was the increasing dullness of tool’s cutting edges. In addition, if the bottom of hole was
equally cleaned from the cuttings, the vibrations of coring bit would be probably smaller.
The effect of decreasing drilling speed caused the lack of cuttings removal mechanism, as
visualized in Figure 8. In the test making use of the Bosch coring bit, the tool reached a
depth of 3.6 mm in 600 s. Such a small drilling speed was due to the lack of good cleaning
of the hole from the cuttings. The stable, high power consumption was caused by frictional
resistance of the coring bit matrix “killed” by the dust at the bottom of the hole. This kind
of tools should operate at higher speeds and less surface of pressure to the rock should be
involved. In all these tests for sample 5 the motor power supply was 24 V.
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Figure 7. Power consumption during drillability test performed for Szydłowiec sandstone A—soft
sample with motor’s power supply voltage 24 V, Makita and Bosch coring bits, weight on bit (WOB)
76.32 N and 105.75 N, respectively.
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Figure 8. Drilling speed during drillability test performed for Szydłowiec sandstone A—soft sample
with motor’s power supply voltage 24 V, Makita and Bosch coring bits, weight on bit (WOB) 76.32 N
and 105.75 N, respectively.

An additional drilling test was performed with a Bosch diamond coring bit, informally
called the “Bosch test”. The purpose of this test was to investigate how the lack of cleaning
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of the hole from cuttings may affect the speed of drilling. The 10 s cycles were repeated for
300 s as a result of which the hole was cleaned. Then, the drilling started. The 105.75 N
weight on bit (WOB) and the motor power supply 24 V were used in the test. The results
are presented in Figure 9 (power consumption) and in Figure 10 (drilling speed). These
figures illustrate the decreasing speed of drilling. A hole 0.75 mm deep was drilled in 300 s.
The decrease in drilling speed and power consumption were caused by contamination
which glued to the coring bit matrix after performed over half of the hole depth in 60 s
(depth 0.51 mm). Figure 11e,f represents the Bosch diamond coring bit where the matrix
was stuck with contaminations. This test shows that diamonds tools necessary can be used
if an effective mechanism of cutting removal is provided to protect the tool matrix from
“killing” by the contaminations. In application which do not use mud or other fluid it will
be difficult to satisfy these conditions.
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Figure 9. Power consumption during Bosch coring bit test performed on Szydłowiec sandstone
A—soft sample with motor’s power supply voltage 24 V and weight on bit (WOB) 105.75 N.
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Figure 10. Drilling speed during Bosch coring bit test performed on Szydlowiec sandstone A—soft
sample with motor’s power supply voltage 24 V and weight on bit (WOB) 105.75 N.

The drillability tests were also performed for samples 6 to 11. However, these samples
were harder and the obtained drilling speed was very low. The selected method for mea-
suring drilling depth did not allow to collect numeric data. A more precise measurement
device than the dial indicator is needed. All these tests make use of 105.75 N weight on bit
(WOB) and 24 V motor power supply. The highest depth obtained for sample 6 was 3.7 mm
after 180 s, sample 9 was 10 mm after 600 s, sample 10 was 1.4 mm after 600 s, sample
11 was 0.4 mm after 420 s. For samples 7, 8 drilling was proceeded but its speed was too
small—measurement of drilling depth utilizing dial indicator (used in experiment) was
not possible. For samples 6–11 energy consumption during drilling process did not exceed
25 W. Only for sample 10 when weight on bit was instantaneously manually increased over
105.75 N but no more than 147.15 N, power consumption for this time was 36 W.
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Figure 11. Drillability tests results: (a) for sample 1 (grey foamglas F) using Makita coring bit, WOB = 27.27 N; (b) for
sample 2 (black foamglas F) using Makita coring bit, WOB = 27.27 N. Two collected cores visible in the picture; (c) for
sample 4 (Ytong Rc = 6 MPa) using Makita coring bit, WOB = 27.27 N. Three collected cores visible in the picture; (d) for
sample 5 (Szydłowiec sandstone A—soft), using Makita coring bit, WOB = 76.32 N. Drillability tests—Bosch coring bit
tests: performed on sample 5 (Szydłowiec sandstone A—soft), WOB = 105.75 N: (e) Bosch coring bit cleaned before test;
(f) Contaminations on Bosch coring bit matrix. Drillability tests results: obtained using Bosch coring bit, WOB = 105.75 N:
(g) for sample 6 (Szydłowiec sandstone B—middle); (h) for sample 7 (Szydłowiec sandstone C—hard); (i) for sample 8
(massive reef limestone); (j) for sample 9 (bituminous shale)—drilling process; (k) for sample 9 (bituminous shale)—drilling
effects; (l) for sample 10 (sandstone (core)); (m) for sample 11 (pudding stone).

The drillability tests were also made for harder samples than these eleven investigated
ones. However, due to the small drilling speed for softer samples and inability to collect
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accurate numeric data, these samples were not ultimately used. Figure 11 represents a
visible effect of drilling in eleven investigated samples.

5. Discussion

Results obtained in the performed drillability tests prove that drilling with energy
consumption under 100 W, small values of tool rotational speed, and weight on bit (WOB)
is possible. The tool was driven with 60 W Maxon 341131 motor in the test. The maximal
torque on tool was 6 Nm (torque on planetary gear output—nominal torque for motor was
85 mNm with nominal rotational speed 8050 RPM). The drillability test helped to resolve
the problem whether or not the torque of 6 Nm was sufficient to start drilling in hard rocks.

The results have shown that drilling in hard rock with such small torque is possible,
however to obtain the final answer more accurate tests are needed. Moreover, there was
no test in which energy consumption (for weight on bit (WOB) ≤ 105.75 N) exceeded
25 W, which is approximately equal to only 41% of maximal available motor power. Only
for sample 10, where the weight on bit was instantaneously manually increased over
105.75 N but no more than 147.15 N, the power consumption for this time was 36 W. There
is available about 60% power margin which can be used for improving drilling speed in
the future work. The experiment proves that the removal of cuttings from the hole bottom
is essential. Without solving this problem no effective drilling is possible. During the
tests energy was wasted on grinding non-removed cuttings and the drilling speed was
decreased. This effect is visible on all presented plots but most vividly for samples 4 and 5.

As already mentioned, drilling with energy consumption below 100 W, small rotational
speed and weight on the bit (WOB) is possible, however the drilling speed in hard rocks will
not be high. In the performed drillability tests for harder samples, drilling speed was the
hundredths or even thousandths of mm/s. Drill speed can be increased by using specially
designed tools and by solving the problem of cuttings removal. The following coring
bits (available on the market) were used in the drillability test: one Makita P-64484, and
diamond Bosch Dry Speed—both designed to work without mud. However, their design
was not quite suitable for the used drilling technology (e.g., rotational speed, weights on bit
(WOB), continuous drilling without any cuttings removal) and selected samples. Cutting
edges of Makita P-64484 coring bit were dulled while drilling in sample 5 with weight on
bit (WOB) 105.75 N. Matrix of diamond Bosch Dry Speed coring bit was “killed” by drilling
the cuttings.

An improved construction of coring bits allowing for effective cuttings removal will
increase the drilling speed; however, this increase will probably turn out too small for a
hard rock. When hard rocks are involved, a combination of classic rotational method and
vibration method are worth considering. The results obtained with a Bosch Dry Speed
coring bit show that diamond bits can be utilized efficiently if the matrix is cleaned of any
contaminations. This condition can be hardly satisfied without using mud (or any fluid)
for removing cuttings and cleaning the matrix. This will probably eliminate this kind of
drilling tool as a potential space application.

For harder samples 6–11 the drillability tests were performed but no numerical data
were collected because the method of measuring drilling depth with a dial indicator was
not sufficiently accurate. Drillability tests should be repeated using a more precise test
stand. A new test stand is being designed now and drillability tests are planned in normal
conditions and in a vacuum chamber. The presented results have a preliminary character,
though they give many interesting pieces of information. The answer to the question of
possibility of drilling seems to be affirmative.

6. Conclusions

The first tests show that it is possible to drill even in hard rocks with a power con-
sumption of less than 100 W and a torque of less than 12 Nm. This gives great opportunities
for scaling devices intended for the implementation of space drilling missions. However,
it is necessary to develop new drilling tools that will be adjusted to the parameters of
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such drilling, more wear-resistant and will function properly in the space environment.
Since it will not be possible to use drilling fluid, methods must be found for efficiently
cleaning the bottom of the borehole. Further tests with the use of more accurate control
and measurement equipment are needed.

Author Contributions: Conceptualization, W.T., K.S., T.B. and A.J.Z.; methodology, A.G.; software,
A.J.Z.; validation, R.W., T.U. and A.G.; formal analysis, W.T. and A.J.Z.; investigation, W.T.; resources,
W.T. and A.J.Z.; data curation, W.T.; writing—original draft preparation, W.T. and A.J.Z.; writing—
review and editing, R.W. and T.U.; visualization, A.J.Z.; supervision, R.W., T.B., A.G. and K.S.; project
administration, K.S. and A.J.Z.; funding acquisition, K.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by The National Centre for Research and Development, grant
number PBS1/A2/2/2012 “Developing a model of automatic coring drilling machine to operate in
extreme conditions, in particular in the space environment”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: The corresponding author is co-founder of Solar System Resources Corporation
Sp. z o. o.—a technological startup operating in the field of space mining and nuclear energy
(especially thermonuclear energy) which would like express his acknowledgments for providing
information helpful in the preparation of the first chapter of this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. NASA Global Climate Change. Scientific Consensus: Earth’s Climate Is Warming. Available online: https://climate.nasa.gov/

scientific-consensus/ (accessed on 24 July 2021).
2. Cook, J.; Oreskes, N.; Doran, P.T.; Anderegg, W.R.L.; Verheggen, B.; Maibach, E.W.; Stuart Carlton, J.; Lewandowsky, S.; Skuce,

A.G.; Green, S.A.; et al. Consensus on consensus: A synthesis of consensus estimates on human-caused global warming. Environ.
Res. Lett. 2016, 11, 048002. [CrossRef]

3. NASA Global Climate Change. Direct Observations Confirm That Humans Are Throwing Earth’s Energy Budget off Balance.
Available online: https://climate.nasa.gov/news/3072/direct-observations-confirm-that-humans-are-throwing-earths-energy-
budget-off-balance/ (accessed on 24 July 2021).

4. Kramer, R.J.; He, H.; Soden, B.J.; Oreopoulos, L.; Myhre, G.; Forster, P.M.; Smith, C.J. Observational Evidence of Increasing Global
Radiative Forcing. Geophys. Res. Lett. 2021, 48, e2020GL091585. [CrossRef]

5. Zhang, Y.; Jiang, J.; An, Y.; Wu, L.; Dou, H.; Zhang, J.; Zhang, Y.; Wu, S.; Dong, M.; Zhang, X.; et al. Sodium-ion capacitors:
Materials, Mechanism, and Challenges. ChemSusChem 2020, 13, 2522. [CrossRef] [PubMed]

6. Aravindan, V.; Gnanaraj, J.; Lee, Y.; Madhavi, S. Insertion-Type Electrodes for Nonaqueous Li-Ion Capacitors. Chem. Rev. 2014,
114, 11413–11862. [CrossRef] [PubMed]

7. EIA: Extreme Winter Weather is Disrupting Energy Supply and Demand, Particularly in Texas. Available online: https://www.
eia.gov/todayinenergy/detail.php?id=46836 (accessed on 24 July 2021).

8. Bezos, J. Going to Space to Benefit Earth, Blue Origin Event. 2019. Available online: https://www.youtube.com/watch?v=GQ9
8hGUe6FM/ (accessed on 24 July 2021).

9. Smith, A.P. The Case for Solar Power from Space. Ad Astra 2004, 16, No. 1. Available online: https://space.nss.org/the-case-for-
solar-power-from-space/ (accessed on 24 July 2021).

10. Geuder, N.; Quaschning, V.; Viebahn, P.; Steinsiek, F.; Spies, J.; Hendriks, C. Comparison of Solar Terrestrial and Space Power
Generation for Europe. In Proceedings of the 4th International Conference on Solar Power from Space—SPS’04, Granada, Spain,
30 June–2 July 2004; Available online: https://www.researchgate.net/publication/224778252_Comparison_of_Terrestrial_and_
Space_Power_Generation_for_Europe (accessed on 24 July 2021).

11. Yermoldinaa, G.T.; Suimenbayeva, B.T.; Sysoevb, V.K.; Suimenbayeva, Z.B. Features of space solar power station control system.
Acta Astronaut. 2019, 158, 111–120. [CrossRef]

12. ORLEN Group Takes Another Step Towards Zero-carbon Energy. Available online: https://www.orlen.pl/EN/PressOffice/
Pages/ORLEN-Group-takes-another-step-towards-zero-carbon-energy.aspx (accessed on 24 July 2021).

13. ScienceMag.Org—UPDATED: Panel Backs ITER Fusion Project’s New Schedule, but Balks at Cost. Available online: https:
//www.sciencemag.org/news/2016/04/updated-panel-backs-iter-fusion-project-s-new-schedule-balks-cost/ (accessed on
24 July 2021).

https://climate.nasa.gov/scientific-consensus/
https://climate.nasa.gov/scientific-consensus/
http://doi.org/10.1088/1748-9326/11/4/048002
https://climate.nasa.gov/news/3072/direct-observations-confirm-that-humans-are-throwing-earths-energy-budget-off-balance/
https://climate.nasa.gov/news/3072/direct-observations-confirm-that-humans-are-throwing-earths-energy-budget-off-balance/
http://doi.org/10.1029/2020GL091585
http://doi.org/10.1002/cssc.201903440
http://www.ncbi.nlm.nih.gov/pubmed/32045509
http://doi.org/10.1021/cr5000915
http://www.ncbi.nlm.nih.gov/pubmed/25007858
https://www.eia.gov/todayinenergy/detail.php?id=46836
https://www.eia.gov/todayinenergy/detail.php?id=46836
https://www.youtube.com/watch?v=GQ98hGUe6FM/
https://www.youtube.com/watch?v=GQ98hGUe6FM/
https://space.nss.org/the-case-for-solar-power-from-space/
https://space.nss.org/the-case-for-solar-power-from-space/
https://www.researchgate.net/publication/224778252_Comparison_of_Terrestrial_and_Space_Power_Generation_for_Europe
https://www.researchgate.net/publication/224778252_Comparison_of_Terrestrial_and_Space_Power_Generation_for_Europe
http://doi.org/10.1016/j.actaastro.2018.04.001
https://www.orlen.pl/EN/PressOffice/Pages/ORLEN-Group-takes-another-step-towards-zero-carbon-energy.aspx
https://www.orlen.pl/EN/PressOffice/Pages/ORLEN-Group-takes-another-step-towards-zero-carbon-energy.aspx
https://www.sciencemag.org/news/2016/04/updated-panel-backs-iter-fusion-project-s-new-schedule-balks-cost/
https://www.sciencemag.org/news/2016/04/updated-panel-backs-iter-fusion-project-s-new-schedule-balks-cost/


Energies 2021, 14, 5005 16 of 17

14. Garabedian, P.R.; McFadden, G.B. The DEMO Quasisymmetric Stellarator. Energies 2010, 3, 277–284. [CrossRef]
15. Imasaki, K.; Li, D. New Laser Fusion and Its Gain by Intense Laser. Energies 2010, 3, 1176–1193. [CrossRef]
16. El-Guebaly, L.A. Fifty Years of Magnetic Fusion Research (1958–2008): Brief Historical Overview and Discussion of Future Trends.

Energies 2010, 3, 1067–1086. [CrossRef]
17. Dahlburg, J.; Amatucci, W.; Brown, M.; Chan, V.; Chen, J.; Cothran, C.; Chua, D.; Dahlburg, R.; Doschek, G.; Egedal, J.; et al.

Exploiting Laboratory and Heliophysics Plasma Synergies. Energies 2010, 3, 1014–1048. [CrossRef]
18. Lee, S.; Saw, S.H. Numerical Experiments Providing New Insights into Plasma Focus Fusion Devices. Energies 2010, 3, 711–737.

[CrossRef]
19. Tomabechi, K. Energy Resources in the Future. Energies 2010, 3, 686–695. [CrossRef]
20. Jabłoński, B.; Makowski, D.; Perek, P. Implementation of Thermal Event Image Processing Algorithms on NVIDIA Tegra Jetson

TX2 Embedded System-on-a-Chip. Energies 2021, 14, 4416. [CrossRef]
21. Gong, B.; Cheng, H.; Feng, Y.; Luo, X.; Wang, L.; Wang, X. Effect of Pebble Size Distribution and Wall Effect on Inner Packing

Structure and Contact Force Distribution in Tritium Breeder Pebble Bed. Energies 2021, 14, 449. [CrossRef]
22. Lerede, D.; Bustreo, C.; Gracceva, F.; Lechón, Y.; Savoldi, L. Analysis of the Effects of Electrification of the Road Transport Sector

on the Possible Penetration of Nuclear Fusion in the Long-Term European Energy Mix. Energies 2020, 13, 3634. [CrossRef]
23. Froio, A.; Bertinetti, A.; Del Nevo, A.; Savoldi, L. Hybrid 1D + 2D Modelling for the Assessment of the Heat Transfer in the EU

DEMO Water-Cooled Lithium-Lead Manifolds. Energies 2020, 13, 3525. [CrossRef]
24. Minucci, S.; Panella, S.; Ciattaglia, S.; Falvo, M.C.; Lampasi, A. Electrical Loads and Power Systems for the DEMO Nuclear Fusion

Project. Energies 2020, 13, 2269. [CrossRef]
25. Ciattaglia, S.; Falvo, M.C.; Lampasi, A.; Proietti Cosimi, M. Energy Analysis for the Connection of the Nuclear Reactor DEMO to

the European Electrical Grid. Energies 2020, 13, 2157. [CrossRef]
26. Lee, N.; Kim, B.S.; Moon, H.; Lim, J.-S.; Cho, H.H. Heat-Absorbing Capacity of High-Heat-Flux Components in Nuclear Fusion

Reactors. Energies 2019, 12, 3771. [CrossRef]
27. Lampasi, A.; Burini, F.; Taddia, G.; Tenconi, S.; Matsukawa, M.; Shimada, K.; Novello, L.; Jokinen, A.; Zito, P. Installation,

Commissioning and Tests of Four Fast Switching Units of up to 20 kA for the JT-60SA Nuclear Fusion Experiment. Energies 2018,
11, 996. [CrossRef]

28. A.Gabbar, H.; Stoute, C.A.B.; Bondarenko, D.; Tarsitano, N.; Abdel Rihem, A.; Sirakov, S.; Jani, S.; Menashi, S. X-Pinch Plasma
Generation Testing for Neutron Source Development and Nuclear Fusion. Energies 2018, 11, 988. [CrossRef]

29. El-Guebaly, L.; Rowcliffe, A.; Menard, J.; Brown, T. TBM/MTM for HTS-FNSF: An Innovative Testing Strategy to Qualify/Validate
Fusion Technologies for U.S. DEMO. Energies 2016, 9, 632. [CrossRef]

30. Malizia, A.; Poggi, L.A.; Ciparisse, J.-F.; Rossi, R.; Bellecci, C.; Gaudio, P. A Review of Dangerous Dust in Fusion Reactors: From
Its Creation to Its Resuspension in Case of LOCA and LOVA. Energies 2016, 9, 578. [CrossRef]

31. Lampasi, A.; Maffia, G.; Alladio, F.; Boncagni, L.; Causa, F.; Giovannozzi, E.; Grosso, L.A.; Mancuso, A.; Micozzi, P.; Piergotti, V.;
et al. Progress of the Plasma Centerpost for the PROTO-SPHERA Spherical Tokamak. Energies 2016, 9, 508. [CrossRef]

32. Bloomberg: US Nuclear Corp.: Oil Companies Under Pressure by Activists, Investing in Fusion Energy: US Nuclear and MIFTI
Ready with Fusion. Available online: https://www.bloomberg.com/press-releases/2021-06-03/us-nuclear-corp-oil-companies-
under-pressure-by-activists-investing-in-fusion-energy-us-nuclear-and-mifti-ready-with-fusion (accessed on 24 July 2021).

33. General Fusion Webpage. Available online: https://generalfusion.com/2021/06/general-fusion-to-build-its-fusion-
demonstration-plant-in-the-uk-at-the-ukaea-culham-campus/ (accessed on 24 July 2021).

34. Harms, A.A.; Schoepf, K.F.; Miley, G.H.; Kingdon, D.R. Principles of Fusion Energy: An Introduction to Fusion Energy for Students of
Science and Engineering; World Scientific Publishing Co. Pte. Ltd.: Singapore, 2000; pp. 8–11.

35. Marvel Fusion Website. Available online: https://marvelfusion.com/ (accessed on 24 July 2021).
36. Helion Energy Website. Available online: https://www.helionenergy.com/ (accessed on 24 July 2021).
37. Popular Mechanics Website. Available online: https://www.popularmechanics.com/science/energy/a27961/mit-nuclear-

fusion-experiment-increases-efficiency/ (accessed on 24 July 2021).
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