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The project MultiRob 3D led by the Institute of Space Systems (IRS) and the Institute of Aircraft Design (IFB) envisage
the establishment of Lunar industries for Earth and Space. On one hand, reasonable profit to provide for the venture’s self-
sufficiency is sought by providing resources scarce on Earth and abundant on the Moon. On the other hand, a Lunar take off
industry may emerge from secondary applications of the Additive Layering Manufacturing (ALM) providing the Lunar plant
with spare parts, yielding commercial space products. The present paper focuses on a current concept study for the setup of
the Lunar plant. Its generic architecture is broken down into the resource extraction chain, the factory, a power plant, and
auxiliary systems typical to applications in space. Criteria to identify a suitable site for the Lunar plant are discussed. While
some criteria address engineering constraints, other criteria consider the availability of raw materials for the planned Lunar
industry. Following that, the options for gas extraction chains are indicated. A pyrolytic approach is outlined and the sizing

of relevant subsystems discussed.
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Nomenclature
Cp heat capacity
h heat transfer coefficient
m mass
T temperature
V volume
A thermal conductivity

1. Introduction

Currently, the Institute of Space Systems (IRS) and the Insti-
tute of Aircraft Design (IFB) of the University of Stuttgart are
engaged with the Department of Mechanical Engineering and
Mechatronics of the FH Aachen University of Applied Sciences
in a project addressing potentials for the development of a Lu-
nar industry.?

The industrialisation of the Moon is seen as a promising step
towards a sustainable development of the Solar System as pre-
sented in reference 1. As explained therein, products with a very
high value density — i.e. with a huge price per quantity — appear
most attractive for the initial business model. The Helium-3
(®*He) isotope can be identified as such being highly demanded
in fields ranging from cryogenics over magneto resonance to-
mography technology to neutron detection while being ex-
tremely undersupplied on Earth, resulting in an excessive
price.” Relevant natural deposits are found in the Solar System.
The most abundant ones are the atmospheres of the Gas Giants,

* Engl: Lunar Mining

® Engl: Multidisciplinary robot-application for extra-terrestrial resource
extraction under consideration of 3D manufacturing processes.

and, to a lesser extent, the Lunar regolith. Tapping both is tech-
nically challenging, but while the former may be the richer one,
the latter may be accessible with less development effort.?

In the project, it is further expected that this business may
provide for the funding, hardware, and routine to launch a long
term Lunar take-off industry for the further development of the
Lunar and interplanetary environment. Recent breakthroughs in
the development of Additive Layer Manufacturing (ALM)
could induce due to its intrinsic simplicity and versatility a ma-
jor disruption to In Situ Resource Utilisation (ISRU) and —
eventually — space transportation by enabling to create products
from local material such as the Lunar regolith.?) At first, simple
items such as bricks,” beams, and sheets could be made out of
regolith. Soon, elements like photovoltaic cells could be pro-
duced, and finally more complex building blocks. These prod-
ucts would henceforth not have to be dispatched from Earth and
could consequently be employed to strengthen the autarky of
the initial business, but also be sold to further parties. In a more
audacious scenario, a permanent human presence could be es-
tablished on the Moon relying to this infrastructure.

The present contribution discusses a primordial Lunar plant
to engage in this development and summarises first efforts in
the system engineering and architectural design. The work has
been performed in the frame of the projects Lunarer Berg-Bau
(LBB)?* and Multidisziplindrer Robotereinsatz zur lunaren
Ressourcengewinnung unter Beriicksichtigung von 3D-Ferti-
gungsverfahen (MultiRob 3D) since autumn 2014. The pro-
jects also cover the development of interplanetary exploratory



and industrial robotics. This topic has only recently been intro-
duced at the University of Stuttgart.

The present contribution first derives a generic architecture
of the Lunar plant drawing on the two main purposes. In the
following section, the selection criteria for a suitable site are
discussed and preliminary locations indicated before introduc-
ing considered extraction processes and devices. The fifth sec-
tion discusses aspects related to the sizing of the robots and the
power supply before concluding.

2. Generic Architecture of a Lunar Plant

The envisaged Lunar Plant has to serve two purposes:

1. Reaping a net profit from Lunar *He for Earth to be re-

invested in further development, and

2. Running the core of a future Lunar take-off industry

dedicated to growing anthropogenic activity in space.

From this, it arises, that the core of this Lunar Plant has to be
composed of a *He extraction chain and a factory based on reg-
olith to provide for spare parts and commercial products.

The *He extraction chain encompasses systems to excavate
suitable material on the Lunar surface, transport it from the ex-
cavation site to the plant, the material’s beneficiation, gas- ex-
traction, -separation, and -storage. At this point of develop-
ment, it is assumed that the latter four systems are stationary in
the initial set-up. A mobile alternative may be considered at a
later stage. By contrast, both excavation and transport are ser-
vices provided by a group of two types of highly mobile robotic
rovers. A third type is proposed to act as a telecommanded ser-
vicing robot.” The factory needs to be as versatile and simple
as possible at the same time. In recent years, Additive Layer
Manufacturing (ALM) has evolved so far that this option is ex-
pected to fulfil these requirements.® In the frame of the concept,
an ALM machine is considered to primarily manufacture short
lived elements and spare parts for the plant from gas depleted
Lunar regolith leaving the *He extraction chain. Secondarily,
while the primary production is idle, the ALM can be used to

@«

commercially create simple elements for third parties or other
purposes. Secondary products can range from the simplest ele-
ments, like bricks which could be used to build radiation or me-
teoroid shelters, beams and sheets, to more advanced items like
photovoltaic cells.” More detailed information about the work
on ALM in the frame of LBB and MultiRob3D can be found in
reference 3.

This allows to derive a generic architecture, encompassing
additional subsystems as visualised in Fig. 1. The power sup-
ply provides the necessary electrical or thermal power required
to run the system continuously. Waste heat and surplus power
are mitigated by the Thermal Control System (TCS). There
also has to be a bus system assuring housekeeping activities
like the processing and storage of Telemetry and Telecom-
mands (TMTC), communication to the ground segment, ap-
proaching service spacecraft, and isolated subsystems of the
plant, like the robots. It is thus composed of computers, serv-
ers, and short and long range transmitters.

As it is intended to transfer stored *He to Earth, a return sys-
tem has to be considered. For the time being, it is proposed that
a service spacecraft is periodically delivering more complex
spare parts to the plant, and returning the spoils to Earth, where
they are dropped by the means of a re-entry capsule.® It is think-
able to comfort the landing and take-off of the service space-
craft by levelling off a site nearby the plant. A mass-driver as
described in reference 4 may be a pertinent alternative, espe-
cially with respect to a later stage of development with numer-
ous customers of regolith made products.

The whole system has to be conceived with the general re-
quirements of continuous operation, being incremental, and be-
ing tele-operable from the ground-segment on Earth.

3. Site selection

The selection of a suitable site is decisive for the success of
the proposed Lunar industry. The plant has to be sited with re-
spect to criteria arising from the intended activities on one hand
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and from engineering constraints on the other hand, implying a
trade-off.
3.1. Engineering criteria for the site selection

The general requirement of tele-operability from the ground-
segment entails a restriction to locations between £75° of lon-
gitude and +£80° of latitude on the tidally locked near side of the
Moon enabling a continuous straight line of sight towards the
Earth. The ground-segment would nevertheless require a net-
work of ground-stations or relay satellites around Earth. Addi-
tional relay satellites around the Moon could also enable sites
on the far sides.® These are not yet available.

Abundance in sunlight is another criterion. With a power
density of approximately 1368 W/m2,” sunlight can be used as
a primary source of energy, as a source of lighting for the visual
observation of the robots” operation, and as a source of warmth,
with respect to the TCS: Due to it, a very thin exosphere® of
approximately 400 K is being gassed out during the 14.25 d day
time of the Lunar cycle of 29.5 d, contrasting to the 100 K dur-
ing eclipse. This results in an average temperature of 250 K in
equatorial and 220 K in polar regions. There is little seasonal
variation as a consequence of the small inclination of 1°32’
against the ecliptic.*” Note, that about 2% of the Lunar surface
are perpetually shadowed, not exceeding temperatures of 40 K.

A third major engineering criterion arises from the orbital
mechanics relevant to the service spacecraft. It can be shown,
that manoeuvres to shift the inclination of a trajectory demand
the most propellant, making a case for a site near the equator.

Other aspects of the Lunar environment may be technically
less important: While there may be risks arising from back-
ground radiation, particle radiation” — the Lunar magnetic field
is practically absent¥ — and meteoroids,®!? this is at present
largely independent of the location. Additionally, these risks
can be gradually reduced sheltering critical subsystems with
bricks and sheets produced by the plant’s ALM factory. Also,
the Moon’s seismology is negligible. Over the course of a year,
there are only 500 Moonquakes compared to 10000 Earth-
quakes and most of them do not exceed magnitude 2 and none
has ever exceeded magnitude 5.4V
3.2. Site selection by resource abundance

As the primary activity is to extract *He from regolith, a suit-
able location would be in proximity to abundant deposits. Pro-
spection conducted during the Apollo and Luna missions has
revealed that the regolith found in the Moon’s Maria contain
among other volatiles significant concentrations of *He. The
relevant data is concentrated in table 1 with respect to the land-
ing sites of the missions and table 2 with respect to the catego-
risation arising from the data, and visualised in the map given
in Fig. 2.1219

The Solar wind, the main constituent of the weathering parti-
cle radiation, is also the origin of the Lunar *He deposit.>® The
Solar wind is a flux of light weight ions such as protons, elec-
trons or helium cores — among which a small fraction of *He-
ions — emitted by the Sun. A part of it collides into the Moon’s
exposed surface where the ions are then implemented. This can
result in either a weak or a strong binding.'*!'® The weak bind-

¢ The Moon’s atmosphere. It has a total mass of 25 t.7)

Tab. 1. Summary of *He concentration by sample extraction site.'?

Mission He / Apprm‘c. thickness Region Cate-

ppb of regolith layer / m gory
Apollo-11 15.1 4.7;,4.6;4.4 Mare I
Apollo-12 7.1 3.7,4.6;53 Mare 11
Apollo-14 5.7 8.1; 8.5 Mare 1T
Apollo-15 44 6.0;4.4 Mare 1T
Apollo-16 1.4 10.1; 12.2 Terrae v
Apollo-17 8.0 7.0; 7-12; 8.5; 6-8 Mare 11
Luna-16 7.9 4.0;4.0; 1.0-5.0 Mare 11
Luna-20 3.1 9.2;04;11.6 Terrae v

Tab. 2. Categorisation of regolith by TiO, and respective assumed
3He content. Total mass of *He: 2469.2x10° t (100%).'?

Category I 11 I v
Titan oxide (TiO)/ % 5-10 3-5 1-3 0-1
Area of TiO,/ 10°km? 4.87 15.19 15.86 343.40
max. *He / ppb 15.1 8.0 5.7 3.1
Regolith density / kg/m? 1900 1900 2000 2000
mass *He / 10° t 61.5 110.8 146.5 2150.4
*He [%] 2 4 6 87

ing associated to the so called ‘pore gas’ is a very loose depo-
sition of gases in the gaps between regolith grains and the epon-
ymous pores. It is assumed weak binding is more likely on reg-
olith with relatively large surface to volume ratio. It is however
highly susceptible to vibrations, and hence very difficult to cap-
ture.'>19)

Regolith is the loose material cover of the bedrock of plane-
tary bodies, including Earth and the Moon. Its consistence can
range from grainy to dusty soils. The Lunar regolith is the result
of mechanical weathering of rock inflicted by meteoroid impact
and particle radiation.” Accordingly, the average grain size, the
chemical composition, and layer thickness depend a lot on the
site, as outlined in table 1.

The strong binding is — as the name suggests — a more robust
deposition.'®!? Tt is related to the electrical conductivity of the
substrate. While nonconductive minerals are rendered amor-
phous by ionising radiation, conductive materials maintain their
crystal structure in which particles such as *He can be cap-
tured.'>'#2D This explains why the Moon’s Maria are better *He
deposits than its Terrae: The Maria are 2.5 times more abundant
in iron (Fe) and 10 times more abundant in titanium, as docu-
mented in table 3. There is about 10 to 100 times more *He to
be found in Ilmenite (FeTiOs), a mineral common in the Maria,
than in other Lunar rock, as concentrated in table 3.'>' It is
noteworthy that very abundant *He deposits appear to be situ-
ated around the Lunar landing site of humans, i.e. Apollo 11’s
site in the Mare Tranquillitatis.

Table 4 summarises the criteria for a landing site: It is by the
prospect to extract much *He that locations in the Maria appear
very attractive. Furthermore, these appear compatible with the
engineering criteria. The Maria are on the near side of the Moon,
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Fig. 2. Map of the near and the far side of the Moon, indicating the parts of *He per area in ppb/m?2.'> Also shown are major Lunar Maria and the

sites of Lunar landings,'¥ related to the locally present regolith category.

in moderate latitudes, and typically rather flat. There are how-
ever engineering consequences arising as for the power supply,
and the TCS. Since the eclipses’ duration on the Moon is 14.25
d, a common combination of solar arrays and secondary cells
may raise problems. These could however be resolved by ap-
plication of space fission reactors.

4. Helium Extraction Facility

The gas extraction facility is supposed to be the core of the
initial development phase of the Lunar industry. It has to be de-
signed to the end of obtaining spoils of *He to be shipped to
Earth, calling for a process chain focussed on the separation of
this gas from the regolith of the Lunar Maria, as discussed in
the previous section. As outlined in section 2, the *He extraction
chain begins with the beneficiation of the raw material: It was
found out,'? that smaller Ilmenite grains were the Lunar rego-
lith with the richest concentration in *He, making a case for a
preliminary separation of Ilmenite from other rocks, and its
larger grains. These would only tap the process energy without
contributing to spoils and also cause problems in the following
ALM production.

Tab. 3. Chemical composition of the Moon’s Maria and Terrae.'>'”

Element Maria / % Terrae / %
Oxygen (0) 60,6 61,1
Silicon (Si) 16,8 16,2
Aluminium (Al) 6,6 10,2
Calcium (Ca) and Potassium (K) 4,7 6,3
Magnesium (Mg) 53 4

Iron (Fe) 4,5 1,8
Sodium (Na) 0,4 0,4
Titan (Ti) 1 0,1

The next system in the chain would then separate the gas
from its substrate. To this end, three approaches have been con-
sidered: Vacuum Crushing, Acid Etching, and Thermal Pyroly-
sis. After this step, the valuable *He has to be separated from
other volatiles and stored. The present section discusses the *He
extraction processes.

4.1. Processes in overview

A process already used in the analysis of samples returned
from the Apollo missions is the so called Vacuum Crushing
(VC).29 In VC, the sample is contained in a cylinder in which
it is rammed many times by a metallic piston actuated by an
alternating electromagnetic field. It is estimated that about 60%

Tab. 4. Summary of siting criteria

Criterion Properties Location
Mare Vaporum, Ocea-
nus Procellarum, Mare

Ressources He deposits Humorum, Mare Cris-
mium, Mare Tranquilli-
tatis, Mare Fecunditatis

Landing site acces- Latitude, Equatorial plains

sibility topography q p

Communication/line | Longitude +75°

of sight Latitude +80°

Topoeranh Flat relief, Maria

pography shadows Low latitudes

Sun light availabil- Lighting, Low latitudes and

ity power supply Shackleton Crater area

Thermal Control Operational Low latitudes

System temperature

Particle angl b.a ck- Doses Independent of location

ground radiation

Meteoroid impact Probabilities Independent of location




of the contained *He can be released from the regolith in this
process. The process appears rather simple and the moving
parts require little mechanic consideration. However, only
small sample sizes can be loaded. Since many thousands of tons
of regolith would have to be rammed, an industrial extraction
of *He would require a large battery of devices, or a long time.

Acid Etching (AE)*!"*¥ is another process which was used to
analysed the returned regolith samples. In the experiments con-
ducted in reference 22 on Lunar soil sample 75081, taken dur-
ing Apollo-17, see Tab. 1, these were first exposed to water for
a total of approximately 21 days and then to sulphurous acid for
another 31 days. The obtained volumes of *He specific to the
mass of regolith under standard conditions 17.2x107 cm?/g for
the exposition to water and 21.4x1077 cm?/g to the acid, respec-
tively, thus, in total: 38.6x10”7 cm®/g. The same sample finally
underwent 4 ¥ h of pyrolysis, in which another 103x1077 cm*/g
of *He were released, indicating that AE is a lengthy and rela-
tively ineffective process, in which about 75% of the available
*He may remain enclosed in the regolith. Further drawbacks of
the process are however its complicated setup®? and — foremost
—its need of water for an aqueous acid solution. Water may not
be available near the initial sites in the Maria.?

In Thermal Pyrolysis (TP)*? of regolith, it is envisaged to
achieve outgassing by heating the material. Combustion is
avoided by excluding oxygen from the process. The data from
early experimentation on samples 10084-48%% and 10084-59°9
indicates that this process may be the most effective. Sample
10084 was taken during Apollo 11, see Tab. 1.29

While the samples were heated stepwise, the gas release at a
given temperature was recorded yielding the progressions de-
picted in Fig. 3. In both considered experiments, the progres-
sion of the thermally induced outgassing of *He sets on at tem-
peratures between 200 °C and 400°C peaks rapidly around
500°C and then declines until there is no more outgassing at
temperatures beyond 1200 °C, suggesting that the material was
depleted. Overall, the respective obtained volumes of *He spe-
cific to the mass of regolith under standard conditions were
9.41x10° cm®/g for sample 10084-48, and 13.32x107 cm?/g for
sample 10084-59. Fig. 4. visualises the according extracted
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fraction of the whole as a function of the peak temperature. A
fraction of 95% is already extracted at temperatures of approx-
imately 900 °C (1173 K). Note, that the regolith starts glassing
or melting at temperatures around 1300 °C.2” Consequently,
with such a margin, an extraction device based on pyrolysis can
be designed to extract virtually all of the contained *He without
touching temperatures entailing the problems arising from this
transition, such as clogging or increased abrasion, making this
the process of choice.

To realise this, thermal parameters proper to the regolith

would yet be needed. Reference 27 offers a basic model for its
heath capacity below the melting point being

_ ] ]
¢p(T) = ~1848,5 - + 1047 41 - logyo(T) (1)

which allows to estimate the consumed energy. This model is
an extrapolation from values measured from sample 10084 in a
temperature range from 100 K to 350 K,>®  in which the heat
capacity ranges from 280 to 800 J/kg K. Note, however, that
this may be different for temperatures up to the desired 1200 K.
Nevertheless, also the thermal conductivity 1 plays a role in the
process. According to reference 29, this parameter would range
from 0.015 to 0.026 W/(m K), and the heat transfer coefficient 4
from 0.5 to 1.5 W/(m? K).

4.2. A Brief Discussion on Thermal Pyrolysis Devices

In MultiRob 3D, yearly spoils in *He from 5 to 10 kg are stip-
ulated. Preliminary estimations based on the isotopes abun-
dance in category II regolith indicate that vast amounts of reg-
olith up to 6.25x10° kg/a or approximately 200 kg/s are neces-
sary to provide for this target. The arising requirement for large
scale industrial devices is challenging since only hardware of a
limited size and mass can be initially installed on the Moon due
to launch limitations."

Nevertheless, available technologies have to be considered.
There are various ways to realise an industrial thermal pyrolysis
device. The most intuitive one is a blast furnace concept similar
to terrestrial devices used to melt vast amounts of iron ore.’”
Lunar blast furnaces are likewise vertical cylinders, fed with
raw material from the upper end. In contrast to common terres-
trial designs using coal layers, towards the lower end of a Lunar



blast furnace, a thermal feed would have to be implemented. At
the lowest point, molten material is released via a funnel. As-
suming that the released gasses will not escape by this funnel,
their pressure would built up towards the feed which would
have to be sealed. It appears beneficial that the fresh material is
dumped on hotter material and thus heated upon contact prom-
ising a regenerative cycling. Further, the release of a liquid
would avoid problems with abrasion inflicted to the funnel by
regolith. Previous beneficiation could be largely simplified.
However, since the melt would then likely re-solidify as a slag
like in the case of the terrestrial counterparts, the depleted reg-
olith would no longer be valuable for the ALM factory. Instead,
the slag would have to be mitigated prior to causing problems
arising from clogging.

As indicated above, the virtual totality of *He contained in
regolith can be extracted from the solid raw material at temper-
atures below 1200 K and thus below the melting point around
1300 K. This can be achieved in a rotary kiln, as drafted in fig-
ure 5.339 In terrestrial industry, rotary kilns are used in the
continuous heat processing of powders, grainy solids, and grav-
els. The material is fed into the upper end of a rotating cylinder
with a longitudinal axis slightly inclined towards the horizontal
plane. The material is mixed due to an interaction of rotation,
inertia, sliding, and friction, easing the heat transfer in the
loaded material. Terrestrial kilns are heated either by injection
of a preheated working gas, a longitudinal gas burner at the
lower end, a number of transversal burners, or conduction.
While combustive subsystems are unrealistic in the Lunar situ-
ation, approaches relying on working gasses may be feasible,
presuming that an escape through the feed, and mostly the re-
lease of the depleted regolith can be averted. Note that this re-
quirement is also shared with the purpose of extracting *He.

Another option to heat the regolith is the application of mi-
crowaves. In this approach the energy is directly coupled into
the more interesting parts of the regolith making use of the elec-
tric conductivity in IImeninte.343"

5. Further considerations

At the moment, sizing studies are in progress in the frame of
the LBB project. A first benchmark consist in the development
of a reliable analytic model describing the excavation rate. The
model shall consider parameters deriving from the geometry of
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Draft of a rotary kiln for the pyrolytic extraction of *He from Lunar regolith.

the excavation head — bucket wheel, brush, or other — the exca-
vation kinematics and dynamics, and the strategy. To this end,
experiments is planned. The necessary mock excavation robots
are currently being constructed and programmed.?

Another sizing aspect addresses the transport rovers or robots.
They have to be sufficient in number and transport volume to
provide a transport rate of up to 200 kg/s of raw material to
ensure the stipulated yearly spoils. Simultaneously, dispatching
the initial population should still be economically feasible. An
accompanying activity is the research for alternatives.

Finally, the design of the power supply is of crucial im-
portance. It provides the power of the *He extraction chain, the
ALM-factory, the subsystems and the rovers. Depending on the
eventual choice of device, a primary source can be matched.
While both the subsystems and the ALM machine will require
electrical power,” blast furnaces and rotary kilns can also utilise
process power in a direct manner.

Electricity may be provided by photovoltaic arrays supported
with secondary or fuel cells.’®3® The latter have to be laid to
allow for eclipses of 14.25 d, and losses arising from charge,
discharge, and — moreover — self-discharge, which can be sig-
nificant. Secondary cells will also be aboard the robots and laid
according to the eventual size and mechanic modelling. Since
the stipulated robots have to maintain a relatively large trans-
portation rate, it is likely to assume that they cannot afford to
move at the pace that their precursors from Lunar and Martian
exploration missions did, and an according requirement will
arise from this.

Process heat can be obtained from both nuclear fission reac-
tors and solar thermal machines.>®* They require some addi-
tional working medium. The latter has initially to be dispatched
from earth, but at a later stage side product gasses extracted
alongside the commercial *He can be used for refilling losses.?

6. Conclusion and Outlook

The project MultiRob 3D addresses the potentials for the de-
velopment of a Lunar industry. While a self-sustaining industry
is stipulated to evolve in the long run from an ALM machine
installed to provide the initial mission’s spare parts, a highly
valuable product has to assure the business in the beginning. In
the project, *He has been identified as an attractive commodity.
Accordingly, interesting sites near the Apollo landing sites have
been spotted following criteria aris-
ing from the resource’s abundance,
and engineering considerations.

Lunar *He is obtained from the
regolith of the Maria and thus a pro-
cess to extract the isotope on an in-
dustrial chain has to be found. In ex-
periments, it has been shown that
nearly 100% of the *He contained in
regolith can be extracted in thermal
pyrolysis at temperatures below the
glass or melting temperature. The
gas depleted regolith can subse-
quently be fed into the ALM ma-
chine and processed into spare parts

Raw material

First screw conveyor



and other products.

The investigation of a suitable machine enabling the pyroly-
sis on an industrial chain is currently in progress at the Institute
of Space Systems of the University of Stuttgart. The dynamics
of rotary kilns have been studied. In the next step, the work is
focussed on the heat transfer in loose regolith. It is expected that
a resulting model may enable a sustainable sizing of a Lunar
rotary kiln, further allowing an estimation of the power supply
and feasible yearly mass of *He spoils. A complementary feasi-
bility study covers a parametrisation of blast furnaces. The siz-
ing of the robots is being prepared at the Institute of Aircraft
Design of the University of Stuttgart. Regolith based ALM is
investigated at the Department of Mechanical Engineering and
Mechatronics of the FH Aachen.
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