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A Manufacture System for a Self-Sufficient Lunar Colony 
Irina Westerberg 

Summary 
Most of the needs for this colony of 500 persons can be supported by the moon itself. 
The Regolith (lunar dust) contains almost every element we need for our survival. The 
problem is to extract it by mining activities and the capability to store it in a proper way.  

Mining, manufacturing methods and power generation will be treated in this report. 

On the moon almost all materials needed for cloth making have to be cultivated and 
have specific manufacturing processes. Making cloth and insulation devices of plastic 
and rubber material is an energy consuming process (e.g. cultivate vegetables to 
produce oil) due to the minimal amount of carbon, but it is possible. 

Several welding methods are suitable (in vacuum) when the protective gases are 
removed. Hammer forging seems to be the best forging method. 

The calculated sum of the materials for the domestic appliances (100 kitchens), and the 
tools needed for cultivation and for domestic usage (50 storages) is: 1.4 metric tons of 
aluminium, 9.75 metric tons of iron (steel) and 1.25 metric tons of glass/ceramic. 
Hammer forging manufacturing need to add 170 kg iron/steel (the furnace included). 

The amount of regolith needed to extract 9.8 metric tons of iron is approximately 80-90 
metric tons, depending on the extracting efficiency. Iron is the limiting factor in this 
case due to the small amount present in the lunar soil (less than 13%). While extracting 
iron all other needed elements could be extracted as well, e.g. aluminium and oxygen. 

It would be profitable if the amount of devices made of ceramic (and in some cases even 
glass) is high, since they are more easily manufactured (melted lunar soil) than metal 
materials. 
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1 Introduction 
Is it really necessary to be able to travel to the Moon? Why explore a dead planet?  

Returning to the moon will no longer be just a dream.  

For many years now, a large number of scientists and engineers (e.g. NASA, ESA, 
Artemis and Orbitech) have been planning in detail for that possibility. The results are 
carefully gathered and valuated from several different samples collected from the Moon. 
Even advanced Satellite photos shows that it is possible to build a self-sufficient colony 
on the moon, SSLC, which can be totally self-sufficient without the need for outside 
supplies.  

Advantages 

The object of observation is the moon itself, the solar system and the whole Universe. 
The great advantages by doing advanced scientific experiments and observations on the 
far side of the moon are the lack of atmosphere and it is shielded from the 
electromagnetic noise and light emitted by Earth.  

Influence strategies for sending humans to Mars and even further away will follow. A 
lot of experiments and observations have to be done, both physical and psychological, 
which evaluate how humans react in that scenario.    

Most of the needs for this colony can be supported by the moon itself. The Regolith 
(lunar dust) contains almost every element we need for our survival. The issue is to 
adapt it by mining activities and the capability to store it in a proper way.  

The Regolith contains He3, which could be an enormously power source. With proper 
technology some of that power could be sent to Earth. 

Survival 

The size of the colony would be at least 500 people of various ages, gender, and skills. 
It is a hardworking and dangerous existence with a lot of challenges that have to be 
solved to support survival.  

Many humans wants to develop the surroundings to learn and make progress that gain 
more adventures in the future. The survival of the colonists on the moon depends on 
how well the technical and psychological issues are solved. All the elements have to be 
mined and processed, tasks that must be fully developed before a lunar base can be a 
reality.  

Super-Ecology 

By adding space to land, sea and air as a fourth regime, a Super-Ecology (fig.1) is being 
created, which introduces many more interactive loops as discussed in [Eckart, 1999]. 
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Fig. 1.The Super-Ecology [von Puttkamer, 1992] 

1.1 The aim of this report 
One task that has to be solved is to figured out how much material the society needs just 
to be able to manufacture the main devices required for its survival, e.g. for welding, 
cutting, mining etc. The aim of this report is also to study and evaluate different 
manufacturing methods for the important devises the colony needs in order to survive.  

1.2 Limitations 
This report does not examine how to build the base and the cultivated areas within the 
base; neither does it address material removal methods such as cutting, drilling and 
grinding, nor the psychological and physical conditions of people living in space.  

1.3 Problem description 
Due to the lack of atmosphere the main issue is how to produce enough life support 
resources from lunar exploitation. To be able to manufacture e.g. a welding set, the 
technique has to be easy and the amount of material low since for every gram of pure 
iron a great amount of Regolith has to be processed. Therefore, it is important to 
consider the whole chain of processing in detail as well as the low gravity. 
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2 Methodology 
Some basic needs for survival as well as methods and materials from the 19th and 20th 
century have been evaluated.  

2.1 Sources of Information 
Reports, books and internet sites have been used to gather all the information and data.  
These sources are listed in the reference section. 

2.2 Lunar base concepts 
Several reports and books by engineers and scientists have investigated and evaluated 
possible lunar habitats since the first moon landing [Eckart, 1999]. To be protected from 
radiation, meteorites, and lunar dust, the inhabitants have to work and live under the 
lunar surface with a couple of metres of Regolith as a shield (fig. 2 and 3). One more 
example of a lunar base concept is given in Appendix B. 

Fig. 2. The lunar base construction shack [Alred, 1989] 

Fig. 3. Spacehab [Bennett, 1999] 
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2.2.1 Space habitat [Bennett, 1999] 

Some big underground tubes (fig. 3) will be the pedestrian and transit corridors 
permitting sunlight1 to enter via a mirrored or fibre-optics bundle2 and filter through a 
sky-blue diffuser3 to provide pleasant lightning. Pedestrian walkways4 are high up the 
side slopes, cylinder floor are given to vegetation5 and gardener access path6. Art 
gallery7 for enjoyment and transit cars8, 9 are side-rail-mountedS.  

In this concept there are even more buildings and suggestions for e.g. the living area.  

2.2.2 Moon Hotel [Frederiksen, 2005] 

An architect, H-J Rombaut, from the 
Netherlands has created an interesting moon 
base (fig. 4) to be built with lunar soil and 
become a luxury hotel as well as a scientific 
base. Two towers, 160 metres high, are 
supposed to lean over a deep crater on the 
north pole of the moon and the view from 
the base would include space and Earth.   

The Hotel gives the tourists a unique 
opportunity to utilize the physical conditions 
of the moon, e.g. to sleep in the free space, 
fly in low gravity and eat in the restaurant 
with space all around. 

Two hundred tourists and two hundred 
scientists and other employees are supposed 
to live there.                                                                                            

               Fig. 4. Moon Hotel by H-J Roumbaut [Frederiksen, 2005]  

2.2.3 Base placed in a crater [Eichold, 2000] 

Final Stage with Dome Structure 
in Place. This structure is placed 
in a crater in order to protect 
against radiation and meteorites 
[O´Handley, 2000]. 
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3 Process view 
There are several processes that have to be carefully considered in order to create a 
lunar colony. To mention but a few: mining, manufacturing, power generation, water 
purification, and volatile-and metal extraction.  

To be able to get an overview of human survival requirement some flow charts of the 
processes have already been done (fig. 5 and 6).  

 

 

Fig.  5. Requirement breakdown for human survival [Järvstråt,  2003] 

3.1 Survival 
To be able to survive, some of the most basic needs have to be satisfied: food, clean air, 
clean water, power and pressurised environments. There must also be tools, cloth, 
buildings, electrical- and mechanical equipments.  
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Volatile 
extraction

Waste recovery

Survival
                      

Production 
  

Goods 
  

Supply             

Process 
  

Process group  

Fig.  6. Second order survival processes flowchart [Järvstråt, 2003] 

 

3.2 Life support 
To be able to survive all the important supplies must be carefully developed. The 
recycling system must have a high efficiency due to the fact that it takes a lot of time, 
energy and work to produce the needed resources. 

3.2.1 Food 

Food has to be mainly vegetarian, combined with fish and/or fowl. The predicted 
cultivating area is a least 20 m2 per person (tot. 10 000 m2). Lunar soil, added resources 
and human wastes will form the base for agriculture, and a water pool would be needed 
for fish-breeding.  

Human requirements are 0.62 kg food solids per person/day (tot. 310 kg/day) [Eckart, 
1994]. 
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Agricultural devises  

To be able to cultivate some tools and devises, such as buckets and shovels, is 
necessary. The total mass of the most basic devises are: Aluminum: 330 kg and 
steel/iron: 419 kg [Appendix D].  

3.2.2 Clean air 

Breathable air has to be produced by mining the lunar soil to extract oxygen, hydrogen 
and nitrogen. The calculations of habitat air are given in Appendix A and [O´Handley, 
2000] 

The composition of the breathable air is: 

Oxygen (O): 32.95%              Nitrogen (N):  65.02 %                                        
Water (H2O):    1.45%  Carbon dioxide (CO2):   0.58% 

Human requirements are 0.85 kg oxygen per person/day [Eckart, 1994]. 

3.2.3 Clean water 

The lunar base water system is supposed to be self-sufficient with a recycling efficiency 
on almost 100%. The water waste will be refined and recycled back into the system 
(table 1). 

 

Drinking water:  1.6 Food preparation:  0.75 Clothes washing: 12.5 

Hand washing:   4.1 Shower water:         2.7 Food water:          1.15 

Tot:                    28.75  Sanitary water:   0.5 Dish washing:       5.45 

Table 1. Human water requirements per day [kg/person].  Adapted from [Eckart, 1994]. 

3.2.4 Pressurised volume 

The habitat volume is 607 500 m3 and the calculated loss is 0.26 volume percent per day 
due to the total self-sufficiency system [Appendix A]. 

3.2.5 Domestic appliances 

The kitchen has to have appliances, and taking an average family to have five members, 
there should be 100 kitchens in the 500 person colony. Each kitchen should include a 
furnace with four hotplates, a refrigerator and freezer, plates, glasses, forks etc. 
[Appendix C]. 
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The total mass of aluminium needed for the basic domestic appliances is 1.085 metric 
tons, steel 9.105 metric tons and glass/ceramic 1.244 metric tons. If the use of ceramic 
materials increases in relation to the metals, the need for regolith extracting can be 
decreased. 

3.2.6 Tools 

The total mass of steel/iron needed for all the basic tools is approximately 224.5 kg 
[Appendix D]. 

3.2.7 Cloth 

On Earth several different materials are available, but on the moon almost every 
material has to be cultivated and have a specific manufacturing process. Therefore, it 
will not be possible to wear the same kind of clothes on the moon as on Earth. 

Some possible material could be flax (fig. 7) and cotton. 
These plants must be cultivated and processed, which takes 
time and skills. Then they have to be woven in some kind of 
weaving machine. 

Making cloth of plastic material is possible, but would not be 
preferred as it is an energy consuming process. 

Fig. 7. Flax straw  

3.3 Material 
Due to the lack of oil and trees (carbon resource) some of the common materials on 
Earth would be difficult to produce in the same quantity on the moon, while others must 
be redesigned to fit the new environment. 

3.3.1 Oil 

A very small amount of carbon exists naturally on the moon. One solution is to produce 
oil from cultivated vegetables, e.g. rape, sunflower etc. However, in any case the carbon 
needed for the oil must first be extracted, which requires processing large quantities of 
regolith.   

3.3.2 Plastic and rubber 

Plastic and rubber materials should be avoided because of their contents of oil. If 
necessary, it is possible to produce it from vegetables (colza oil and sunflower oil). 
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3.3.3 Wood 

It would be wise not to use wood, since every piece of wood has to be cultivated. Some 
examples of quick-growing plants are bamboo and eucalyptus. 

3.3.4 Glass 

It is also possible to manufacture glass devises, but the results will probably not be of 
the same pure quality as on Earth due to the contents of raw materials. Glass could be 
used e.g. as kitchen devices and insulation materials.  

Glass manufacturing process is described in Appendix K.     

Raw material 

Glass is melted silica (SiO2) sand. It is possible to melt the pure sand, but this requires 
very high temperatures approaching 2000°C. The quality of the glass depends on the 
quality of the raw materials [Kosta Boda, 2006]. Pure silica has an inconveniently high 
softening temperature of about 1200°C (2192° F), but this can be lowered by the 
addition of metal oxides such as those of sodium and calcium (Na2O and CaO). Cullets 
(broken glass) are returned to the process. 

Devices 

Inside a crucible furnace stands a crucible, which contains approximately 45 litres of 
molten glass. This furnace is larger and more isolated than an ordinary kitchen oven. 
The walls inside are covered with fire-clay brick. Electrical heating coils heating up the 
furnace to ~1200°C may be used. 

The workers most important tool is the blowing pipe: 0.03 m in diameter and 1.3 m 
long, made of steel with a thickening in the end. The pipe rolls between the two 
columns on the bench (where the worker sits). To form the warm molten glass a 

(wooden) shovel is used and dipped in between into 
water. 

Different kind of scissors may be used to mark where 
the melt shall come loose, be formed, cut and drawn 
(fig. 8) [von Wachenfeldt, 2006]. 

Fine particles from the vaporization and re-
crystallization of materials in the melt are generated as 
air emission, but perhaps not more than 0.1 kg per ton 
depending on the type of material input.  

Energy requirements range from 3.7 to 6.0 kJ/metric 
ton glass produced [World Bank Group, 1998]. 

Fig. 8. Glass blower 
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3.3.5 Metal 

The metal in this case will be iron, steel and aluminium. By adding alloying materials, 
e.g. Silicon (Si), Magnesium (Mg), Chromium (Cr), Manganese (Mn) and also some 
Carbon (C) in very low amount (< 2 % all together) steel can be produced. The lunar 
soil contains all these resources.  

In the domestic appliances aluminium and steel are suitable materials due to their tensile 
properties.  

3.3.6 Ceramic 

If the lunar soil is heated up to a certain melting level it will turn into a black ceramic 
material. Due to this, it is possible to generate many different devices, e.g. mugs and 
plates (domestic appliances) as well as insulation material for electrical equipments. 
Some of the disadvantages with ceramics are the low heat-shock resistance and that it is 
easy to crack.  

4 Lunar resources 
Solar energy is abundant without an atmosphere to dissipate it, water reservoirs are 
frozen at the poles, common construction metals are plentiful, and all base elements 
needed for biological life are present in reasonable quantities (table 2) [Järvstråt, 2002]. 

                        Table 2. Lunar soil composition (weight %) [Järvstråt, 2002] 
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4.1 Lunar composition 
- Oxygen: 43½% 

- Metals: 26% (Iron 10%, Aluminium 9%, Magnesium 5%, Titanium 2%) 

- Non-metal minerals: 30½% (Silicon 21%, Calcium 9%, NPK 0.5%) 

- Carbon + nitrogen + hydrogen < 0.1% 

The amount of Copper (Cu) is also very low. 

4.2 Comet composition 
Comets that have impacted on the moon since its creation are considered the primary 
source of lunar water in the lunar cold traps. The average comet composition is 79% 
H20, 7% CO, 7% NH3 and 7% H2CO. The assumed composition is listed in table 3 
[O´Handley, 2000]. 

Volatile Gas Concentration (ppm) 

Water (H2O) 100 000 

Ammonia (NH3) 8 700 

Methane (CH4) 8 700 

Formaldehyde (H2CO) 8 700 

Table 3. Assumed composition of the ice-rich lunar polar regolith [O´Handley, 2000] 

 

Extensive laboratory studies of lunar samples brought back to Earth during the Apollo 
and Luna missions indicate a variety of volantile resources may be obtained from lunar 
soil (table 4). Based on these results, volantile abundances and inventories as indicated 
in Appendix F may be expected on the lunar surface. However, an urgent question that 
remains to be solved with respect to lunar volatile resources is the average distribution 
of solar wind volatiles with depth in the lunar soil [O´Handley, 2000]. 

 
Element Concentration (ppm) [g/metric ton] Nominal value (ppm)* 

Hydrogen (H) 0.1 - 211 60 

Carbon (C) 10 - 280 154 

Nitrogen (N) 13 - 153 78 

Helium (He) 1- 63 46 

Sulfur (S) 20 - 3 300 1 240 

    *Nominal value represents average level from Apollo 11 samples 

Table 4. Volatile elements in lunar regolith [O´Handley, 2000] 
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4.3 Illumination  
On the South Pole there are several places that have illumination during ~70% every 
month (fig. 9). If solar arrays were placed in area A and B with a link to area C 
illumination is received close to continuously (fig. 10), which makes it possible to 
produce almost continuous electrical power.  

                 Fig. 9. Illumination during a lunar day [Bussy, et al., 1999] in [O´Handley, 2000] 

Fig. 10. Illumination map [Bussy et al., 1999] in [O´Handley, 2000] 
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5 Mining and Processing 
The basic life support needs of the SSLC demands some mining processes to be able to 
utilize the lunar soil resourses. 

In addition to the potential frozen gases/ices in the polar regolith, other volatile gases, 
such as H2O, H2S, CO, NH3, HCN and noble gases, can be recovered through additional 
heating. Some of these gases could also be oxidized to produce CO2, N2, SO2 and 
additional H2O (table 3) [O´Handley, 2000]. 

5.1 Extraction 
Most studies regarding solar wind gases assume that gas will be extracted by simple 
heating. At a temperature of 700º-800ºC most hydrogen is evolved as H2O or H2 (table 
5), although some of the hydrogen is not released until a temperature of 1 050º-1 100ºC 
is reached [Eckart, 1999].  

 

Volatile Amount evolved from regolith [g/ton] 

Nitrogen (N) 4.0 

Carbon dioxide (CO2) 12.0     

Water (H2O) 23.0     

Methane (CH4) 11.0     

Hydrogen (H) 43.0     

Helium (He) 22.0     

Table 5. Estimated amounts of lunar volatiles released at 700ºC [Li, 1992] in [Eckart, 1999]. 

 

In-situ resources utilization 

When extracting a specific resource, such as iron, other resources can easily be salvaged 
at the same time. The limitation is the amount of a specific resource in lunar soil and the 
effort needed in extracting it. It is easy to extract oxygen due to the amount, but harder 
to extract helium, nitrogen and carbon since the amounts are very low. The efficiency 
when extracting the resources is not 100% as there will always be some waste during 
the process. 

5.2 Manufacturing options 
Some manufacturing options for the processes that the lunar materials undergo from raw 
material (feedstock) to final product are illustrated in fig. 11. 
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Fig.  11. Manufacturing options for lunar materials [McKay, 1992a] 

5.3 Ilmenite separation 
The oxygen-rich ilmenite has to be separated from the regolith and a 
method could be the magnetic separator (fig.12). Electrical coils in the 
cylindrical walls of the separator generate an electro magnetic field, 
which separates the ilmenite particles from other substances in the 
powdered regolith. Non-magnetic particles fall straight through the 
cylinder to a slag collecting tube. The magnetic walls attract the 
ilmenite because of its contents of iron. 

Fig. 12. Magnetic separator [Kullinger, 1991] 
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5.4 Oxygen liberation 
The next step is to liberate oxygen from the ilmenite (fig.13). The reactions are: 

FeTiO3(s) + H2(g)  Fe(s) + TiO2(s) + H2O(g) (Reduction) 

H20(g)  H2(g) + ½ O2(g)  (Electrolysis) 

 Fig. 13.  The process of ilmenite reduction with hydrogen [Taylor, 1999] 

 

Carbotec, Inc. of Houston, Texas, has patented an ilmenite, hydrogen-reduction 
technique involving a fluidized-bed process for the production of liquid lunar oxygen, 
LLOX. (fig. 13). The process is shown in fig.14 and is described in more detail in 
Appendix E.   

 

Fig. 14. Three-stage fluized bed reactor concept for ilmenite reduction with hydrogen. Illustration 

adapted from [Kullinger, 1991] 
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5.5 Molten Oxide Electrolysis 
The method MOE (molten oxide electrolysis) could be used to produce electronic grade 
silicon and iron from complex mineral feedstock to supply the solar cell paver system 
[Appendix J]. 

Products from lunar regolith follow sequentially in decreasing free energy of oxide 
formation at 1500ºC; iron, silicon, titanium, aluminium, magnesium and calcium. The 
proposed extraction system could consist of two reactors (the extractor and the refiner). 
In the extractor, regolith is electrolytically decomposed into a primary iron-silicon alloy 
and oxygen gas. In the refiner, the ferrosilicon is electrolytically separated into solar 
´cell’ grade silicon and iron. To yield a good photovoltaic material the purity of Si has 
to be controlled at the level of PPM.  

It has been shown that during the evaporation Si undergoes an additional vacuum 
purification (removal of volatile species) e.g. a 4N purity Si extracted from the regolith 
once deposited provides a high purity p-doped Si (Al doped at 10-50 PPM) [Freunlich 
et al., 2005]. 

6 Manufacturing 
There are some different methods that are basic and suitable for a simple way of 
manufacturing. In small non-industrial communities there are a lot of handymen that 
support the whole society with their skills and products. Their methods are suitable even 
for the lunar base. 

6.1 Welding 

6.1.1 Electron Beam Welding (EBW) 

The electron beam (fig. 15) is always generated 
in a high vacuum.  The use of specially 
designed orifices separating a series of 
chambers at various levels of vacuum permits 
welding in medium and non vacuum 
conditions.  Although, high vacuum welding 
will provide maximum purity and high depth to 
width ratio welds [Welding Engineer, 2005]. 

 

Fig. 15. EBW Principe [Welding Engineer, 2005] 
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Benefits 

- Single pass welding of thick joints. 

- Hermetic seals of components retaining a vacuum. 

- Low distortion.  

- Low contamination in vacuum.  

- Weld zone is narrow.  

- Heat affected zone is narrow.  

- Dissimilar metal welds of some metals.  

- Uses no filler metal. 

- Very broad power range. Welds from 0.001" to 1.000" can be made at 30 inches 
per minute.  

- Fast welding speeds up to 400 inches per minute, but typically 30 - 60 inches per 
minute.  

- Can weld many dissimilar metals: Steel, Titanium, all metals.  

- The electron beam can be projected into inaccessible locations - a line-of-sight is 
all that is required.  

- The applications for EBW are very diverse from aerospace components to 
jewellery. 

 

Limitations (on Earth) 

- High equipment cost. 

- Work chamber size constraints.  

- Time delay when welding in vacuum.  

- High weld preparation costs.  

- X-rays produced during welding.  

- Rapid solidification rates can cause cracking in some materials. 

 

Some of these limitations by using EBW on Earth could turn to benefits while using this 
method in the lunar base. More of the EBW in [Appendix G]. 
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6.1.2 MIG/MAG and MMA 

The equipments are shown in fig. 16 and 17. Rubber or plastic insulation materials are 
not easily available, therefore ceramic or glass insulation would be used instead. 

Gases 

The main purposes by using protection gases are as protection against oxidation and to 
conduct the current. The MIG method uses the gases Argon (100%) and Helium (100%) 
to be able to weld aluminium and MAG uses the gas Mison 25 (75% argon, 25% CO2) 
to weld steel. The regolith contains only 0.005% helium and argon is not available on 
moon. By using vacuum instead no oxidation will occur and the gases could be 
eliminated.  

                                 Fig. 16. The MIG/MAG welding principle [Esab AB] 

 

Fig. 17. Welding pistol with Hose bundle [Esab AB] 
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The mass of the pistol and hose bundle: 2-3 kg, transformer and box: 50 kg and wire 
(steel), diameter 0.001 m: 18 kg. Required power input: 600 kW. 

6.1.3 TIG (Tungsten Inert Gas) 

The electron wire is made of Tungsten (Wolfram). The wire heats the welding pieces to 
melting temperature and the results are of good quality. This method uses the gas Argon 
or Helium (see MIG/MAG), but when removing these gases (welding in vacuum) this 
method is suitable as well. Fuse welding, without any flux material, is another working 
field of the TIG method.   

6.1.4 Sunlight laser beam 

A beam of concentrated sunlight, which contains high energy, could operate like a laser 
beam, if strictly controlled. This method is not completely developed and will probably 
not be an option at the start phase.  

6.1.5 Plasma welding 

The method requires a certain amount of plasma gas to keep the arc, but the shielding 
gas applied in terrestrial applications would not be needed if welding in vacuum. 
“Keyhole welding” (fig.18) is suitable when welding hot-rolled sheet steel. Some 
advantages: 

- Stable burning-through. 

- Welding of I-joint with a string up to 8 mm. 

- Small heat affected zone and small sheet steel deforming. 

Careful joint preparation or high quality cut metal edges are required when using the 
keyhole technique. Due to the small joint volume, the energy consumed when welding 
the piece is quite low, and this operation produces good mechanical characteristics and 
small deformation of the sheets. This method is usually used horizontally, with a flux 
material added.  

 

 

 

 

Fig. 18. Principle of “keyhole welding with the 

plasma welding method. [Nilsson et al., 2004] 
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6.2 Forging 
There are several different methods of forging. The most basic method is hammer forge. 
In a small lunar colony, this method would be very useful. For a larger operation, some 
machines with connecting tools may be needed, but at a small scale the hammer forge 
will be sufficient.  

6.2.1 Hammer forge 

By a blacksmith hand a great number of different devises can be made depending on the 
skill of the worker (fig. 19 and 20). More about this working process and material mass 
in appendix G. Some of the tools that were needed in 19th and 20th century, when e.g. 
horses were common, will not to be needed in the lunar colony. Therefore, only the 
most important tools will be mentioned here. 

 

 
 
 
 
 
 

 

 

Fig. 19. Blacksmith at work [Seymour, 1984]                        Fig. 20. Blacksmith at work.  

 
Beside a forge hearth and raw material some more equipments are needed: 
Anvil, hack saw, forge hammer, cape chisel, crosscut file, flat forging bar and a sledge 
[Alfredsson, 2003]. 
 
Low Gravity affect 
The total calculated work energy that is needed on Earth for working with a forge 
hammer (1.0 kg) are 66.3 W and with a sledge hammer (4.5 kg) 86.5 W. When working 
on the moon, the aspect of the lower gravity (1/6 of g) can not be neglected, since 
gravity is used to further accelerate the lifted hammer. If the mass of hammers remains 
the same, the velocity of the work must increase, or if the velocity remains the same, the 
mass of the hammers must increase (9.5 resp. 12.4 kg) [Appendix I]. 
 

 - 25 -     



University West Degree Project; Lunar base Irina Westerberg  

Material 
The mass of an anvil (in fig. 19) should be around 40-50 kg, but a big and flat stone on 
20 kg will do. The mass of the tools are at least 30 kg depending on how many of each 
tool is needed [Alfredsson, 2003].  
Furnace 
A furnace is needed where forging, casting, ceramic- and glass melting can be 
combined. The volume must be approximately 0.5 to 1.0 m3 depending on the project 
and it will be heated up by electrical power. The materials are metal and fire-clay brick 
made from lunar soil. 

6.2.2 Die forging 

Hot forging, cold forging and medium hot forging are three methods, with the most 
common being hot forging. This method (fig. 21) is useful for a large number of 
different devices in steel, e.g. hand tools, and can also be used for some non-metal 
materials. The mass of the work pieces is between 0.02 to 200 kg.  

 

 

 

 

 

 

 

  Fig. 21. The principe for die forging [Bodin, 2003]    Fig. 22. Eccentric press [Bodin, 2003] 

Die forging is usually performed in a mechanical press, e.g. eccentric press (fig. 24) that 
is built to manage 6.3 MN to 160 MN. As a result, this method needs a large mass of 
metal to produce e.g. the press, and it will consequently not be feasible in a small scale 
colony. The devices needed in the base are not of such amounts that it warrants this kind 
of method.     

6.2.3 Free form forging 

This method is mostly used for manufacturing of tool of a simple shape, e.g. shafts, 
turbines, rings etc. Prototypes, and other devices which afterwards need metal cutting 
operations, are also suitable for this method. 
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6.3 Casting 
The low gravity affect may lead to a molten that hardens too fast. 

6.3.1 Sand casting 

By casting in a mould it is possibly to create metal 
devises with complicated design. Pouring the red-
hot molten metal into a mould (fig. 23) is dangerous 
and therefore demands a lot of strength and 
precision in order to avoid an accident. The cooling 
of the iron goes quickly and therefore this operation 
has to be done quickly before the iron grows still. 
Then the metal is cold, the sand feed box can be 
opened and the inside object examined. The 
stiffened iron tap in the gate removes and the end 
product cleanses and plasters against a grinding 
stone [Seymour, 1985].   

     Fig. 23. Iron casting [Seymour, 1985] 

6.3.2 Press casting 

The molten metal is rapidly pressed into a steel mould and filling it by turbulent flow. 
The pieces are then gently compressed by continued high pressure from the piston. In 
the cold chamber method (fig. 24) the molten metal fills up in a cold box. The hot 
chamber machine has the box placed in the oven (fig. 25) [Gjuteriet, 2002]. 

 

             

 

Fig. 24. Cold chamber method and Fig. 25. The hot chamber method [Gjuteriet, 2002] 

Castings from a couple of gram up to hundreds of metric tons can be made. The 
smallest pieces are cast by the lost wax method. Large pieces must be supported by a 
lifting device. 

6.3.3 Metal Deposition 

Metal deposition is a method where molten metal is added to a device until it reaches 
the desired form. There is no size or shape limitation when using this method.   
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6.4 Power (generated from a solar cell system). 
On the surface of the moon, and above it, solar cells (fig.26) will be in place to produce 
most of the electrical power to supply the needs, e.g. heat and light. The synergism 
occurs from the fact that there is an ultra-high vacuum environment on the surface of 
the moon, and there are materials present on the moon from which thin film solar cells 
could be made within this vacuum environment through direct evaporation. 

Oxygen extraction from Ilmenite and Anorthite generate by-products (“waste products”) 
such as silicon and aluminium, and these materials are specifically needed for the 
fabrication of thin film solar cells.  

Fig. 26. Si solar cell grid [Freundlich et al., 2005] 

 

The cell paver is a mobile solar cell fabrication facility fabricating solar cells directly on 
the lunar surface (fig. 27). [Freundlich et al., 2005] [Appendix J]. 

Fig. 27. The Cell Paver [Freundlich et al., 2005] 

 - 28 -     



University West Degree Project; Lunar base Irina Westerberg  

7 Overview 
Materials 

Steel, aluminium, glass, ceramic, plastic, rubber and cloth, could be made with various 
degree of difficulty. 

Lunar soil composition 

Oxygen: 43½%, Metals: 26% (Iron 10%, Aluminium 9%, Magnesium 5%, Titanium 
2%), Non-metal minerals: 30½% (Silicon 21%, Calcium 9%, NPK 0.5%) and Carbon + 
nitrogen + hydrogen < 0.1%. The amount of Copper (Cu) is also very low. 

Extraction 

When extracting a specific resource, such as iron, other resources can easily be salvaged 
at the same time. When extracting a limited resource, such as hydrogen or iron, which is 
needed for the survival in the base, other materials present in the soil could be salvaged 
at the same time. “Ilmenite separation” and “ilmenite reduction” are examples of some 
methods that could be used to produce oxygen. 

Welding 

MIG/MAG, TIG, and Plasma welding are suitable methods if the protection gases 
would be removed and exchange by welding in vacuum. 

Electron Beam welding has the advantage of welding in vacuum with good results (no 
protection gas is needed). Sunlight laser beam welding is a possible method but has not 
yet been completely developed. 

Forging 

Hammer forge is the most suitable method, together with free form forging. Die forging 
is not a choice due to the enormous size of the press.  

When working on moon the aspect of the lower gravity (1/6 of g) can not be neglected. 
If the mass of the hammers will remain the same, the velocity of the work must increase 
or if the velocity will remain the same, the mass of the hammers must increase. 

Casting 
Sand casting, using the same electrical oven as hammer forging and glass 
manufacturing, as well as Press casting and Metal deposition, would be suitable.  

The low gravity could cause problems with mould filling for sand casting.  

Power generation by solar cells 

Due to the great amount of illumination hours and the lack of atmospheric losses, solar 
cells fabricated by a Cell Paver are a good option. Solar cells are made from silicon and 
aluminium.  
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8 Results and Conclusions 
- The gravity is one characteristics that will affect the manufacturing methods, 

especially casting. 

- The calculated air loss is 0.26% per day in a totally self-sufficient system. 

- On the moon almost every material aimed for making cloth has to be cultivated 
and needs to have a specific manufacturing process. Making cloth and insulation 
devices of plastic and rubber material is an energy consuming process (e.g. 
cultivate vegetables to produce oil) due to the minimal amount of carbon, but it 
is possible. 

- Oxygen extraction from ilmenite and anorthite generate by-products (“waste 
products”) such as silicon and aluminum, and these materials are those 
specifically needed for the fabrication of thin film solar cells (power generation).  

- Devices made of ceramic (and in some way even glass) materials are more 
easily manufactured (melted lunar soil) than metal materials.  

- The calculated sums of the materials needed for the domestic appliances (100 
kitchens), the tools for cultivating and in the homes (50 storages) are: 1.4 metric 
tons of aluminium, 9.75 metric tons of iron (steel) and 1.25 metric tons of 
glass/ceramic. The hammer forging need to add approximately 170 kg of 
iron/steel (the furnace included). 

- When working on moon the aspect of the lower gravity (1/6 of g) can not be 
neglected. If the mass of the hammers will remain the same, the velocity of the 
work must increase or if the velocity will remain the same, the mass of the 
hammers must increase; the forge hammer: 853% larger (= 9.5 kg) and the 
sledge hammer: 176.4% larger (= 12.4 kg). 

- The amount of regolith that is needed to extract 9.8 metric tons of iron is 
approximately 80-90 metric tons, depending on the extracting efficiency. Iron 
would be the limiting factor with respect to metal needs unless a shift to other 
metals is appropriate.  

- While extracting iron all other needed elements could be extracted as well, e.g. 
aluminium and oxygen. 

- Several common welding methods are suitable on the moon with protective 
gases replaced by vacuum. There is no use for these gases when welding in 
vacuum. 
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A Habitat atmosphere calculations 
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B Lunar Base examples 
 

 

 A potential SSLC Layout [O`Handley, 2000] 

 
The SSLC Layout contains all the necessary parts of a lunar base. The landing complex 
and mining area are away from the power station and the living areas because of the 
dust generation. The figure is not in scale [O`Handley, 2000]. 
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C Domestic Appliances 
 
To be able to cook every kitchen (5 person per kitchen, 100 kitchens) has to contain at 
least a minimum of devises in metal, e.g:  

 

Device            Material  Mass [kg]/each      Masstot  [kg] 

1 furnace with 4 hotplates  steel            48.0           480.0  

1 refrigerator/freezer (253/82 litres) steel            85.0        8 500.0 

1 big pot (3 litres) plus lid  Aluminum        0.82/0.20           102.0  

1 small pot (1.5 litres) plus lid Aluminum        0.50/0.12             62.0 

1 frying pan     Aluminum  0.90           900.0 

2 sharped knives (small/big)  steel   0.20  20.0  

7 knives    steel   0.05  35.0 

7 forkes    steel   0.04  28.0 

7 large spoons    steel   0.05  35.0 

7 small spoons    steel   0.01    7.0 

14  plates (flat plus soup)  ceramic/glass  0.36           504.0            

2 big bowls    ceramic/glass  1.00           200.0  

2 small  bowls    ceramic/glass  0.40  80.0 

10 mugs (0.3 litre)   ceramic/glass    0.26               260.0 

10 glasses     glass   0.20           200.0 

1 whisk    Aluminum  0.04    4.0 

1 ladles    Aluminum  0.10            10.0  

1 spatula    Aluminum  0.07   7.0 

Sum: Aluminum: ~1 085 kg Steel: ~9 105 kg Glass/ceramic: 1 244 kg 

 

Extracting iron is the limiting factor. To produce 9.1 metric tons of iron 80-90 metric 
tons of regolith have to be processed.  

The refrigerator and the freedge will contain lunar soil as insolating for the cold. They 
will be heavy, but they do not have to be easily portable. 

Density glass/ceramic: ~2.5 g/cm3, aluminum: 2.7 g/cm3 and iron/steel: ~7.8 g/cm3  
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D Tools  
 

Some tools that are very useful for lunar habitants are hand tools like shovels, hammers, 
saws etc. All the devices may be manufactured in metal materials like steel and 
aluminium*. In this example the five hundred habitants are divided into 50 groups with 
10 persons in each. The devices are mainly to be used for cultivating and in the homes. 

 

Device             Mass [kg] /each           Masstot [kg] 

**1 shovel      2.46            123.0 

**1 rake      2.46            123.0 

**1  big hoe      2.46            123.0 

**2 hand hoes      0.25   50.0 

**1 bucket      1.60*   80.0*  

**0.5 wheelbarrow     10.0*            250.0* 

1 file       0.32   16.0 

1 wire brush      0.15     7.5 

1 hammer      0.58   29.0  

1 small metal saw     0.14     7.0 

1 big metal saw     0.49   24.5 

3 different tongs     0.42   21.0  

2 different chises      0.15     7.5 

2 pair of scissors     0.08     8.0 

1 shears      1.82   91.0 

1 universal screw spanners (20mm <27>)  0.26   13.0 

Sum:  Steel/iron: 643.5 kg  Aluminum: 330.0 kg 

 

Steel: density 7.8 g/cm3

*Aluminum; density 2.7 g/cm3.  

**Uses for cultivating. 
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E Ilmenite reduction with hydrogen [Eckart, 1999]  
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F Average inventory of volatiles  

Average inventory of volatiles on the lunar surface [Fegley, 1993] in [Eckard, 1999] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Illustration of the resourses available in the lunar regolith [O´Handley, 2000] 
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G Electron Beam Welding  
 

Electron Beam welding 

Electron Beam Welding (EBW) is a fusion joining process that produces a weld by 
impinging a beam of high energy electrons to heat the weld joint.  Electrons are 
elementary atomic particles characterized by a negative charge and an extremely small 
mass.  Raising electrons to a high energy state by accelerating them to roughly 30 to 70 
percent of the speed of light provides the energy to heat the weld.  

The electron beam is always generated in a high vacuum.  The use of specially designed 
orifices separating a series of chambers at various levels of vacuum permits welding in 
medium and non vacuum conditions.  Although, high vacuum welding will provide 
maximum purity and high depth to width (as high as 20-to-1) ratio welds, compared to 
the 2-to-1 ratio of tungsten inert gas welding. 

Chamber sizes range from 12" cubed to 12ft cubed and power ranges from 60KV, 2KW 
to 150KV, 25KW. 

The heat energy levels are high enough to vaporize most materials, yet heat dissipation 
is fully controllable around the work surface. Electron beam welding permits effective 
joining of dissimilar exotic metals with minimal effect on surrounding components.  

 

EBW gun: 

- functions similarly to a TV picture tube.  The major difference is that a TV 
picture tube continuously scans the surface of a luminescent screen using a low 
intensity electron beam to produce a picture. 

- uses a high intensity electron beam to target a weld joint.  The weld joint 
converts the electron beam to the heat input required to make a fusion weld. 

- can be located as far as 25" from the work surface and is accurately guided by a 
precision, operator-controlled mechanism. This allows the beam to be directed 
into restricted, normally inaccessible cavities where conventional welding 
processes are severely limited.  

 

[Electron Beam Engineering] and [Welding Engineer] 
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H Hammer forging 
In early days the Blacksmith used to work with horses and his tool have a special shape 
and working field (fig.28).  

Fig. 28. A Blacksmiths´ tool [Seymour, 1985] 

 
The Blacksmith know the strong and weak points of the metals. He even know how to 
harden steel, and therefore he can make his own tools. Metal working means cutting, 
forming and punching when the metal is cold or, even more common, when it is warm. 
The tools are hardened in different grade, though the tools need different characteristics 
due to the kind of work piece. You never mixed them up becauce warm tools get 
blunted on cold metal and warm metal changes the hardening of cold tools. The tools 
used to warm forging are generally longer so the worker can avoid beeing closed to the 
hot metal. For some cutting operations another worker has to join.  
 
The anvil face is made by hardened steel which made it very hard. On the chisel face 
you cut the iron without blunt the cold chisel. You punch round holes over the rear hole 
and by using a Flat hammer square holes are made in the front hole [Seymour, 1985]. 
To be able to see how the working materials change its color, the room, or at least the 
working place, should be in shadow. 
 
Devices                                                                             

Anvil (40-50 kg), hack saw (0.4 kg) , two forge hammers (1.0 kg each), sledge (4.5 
kg), cape chisel (0.5 kg), crosscut file (0.4 kg) and a flat forging bar (0.5 m long) 
[Alfredsson, 2003]. Due to the low gravity affect, the mass of the forge hammer must 
become 9.53 kg and the mass of the sledge hammer 12.44 kg [Appendix I].     
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I Forging: Lunar gravity affect calculations  
 

W: work   Wp: potential work  Wk: kinetic work  

Wtot = Wp + Wk = mgh + (mv2/2) 

m = Wtot / (gh + (v2/2)) v = √((2 * (Wtot – mgh)) / m) 

 

On Earth 

g = 9.82 m/s2, v = 3 m/s, h = 1.5 m 

 

Forge hammer: m = 1 kg        =>  Wtot =  mgh + (mv2/2) = 66.285 W 

Sledge hammer: m = 4.5 kg    =>       Wtot =  mgh + (mv2/2) = 86.535 W 

 

On the moon  

g = 9.82/6 m/s2, h = 1.5 m 

 

Keep velocity, seek mass 

Forge hammer: v = 3 m/s => m = Wtot / (gh + (v2/2)) =   9.53 kg 

Sledge hammer: v = 3 m/s => m = Wtot / (gh + (v2/2)) = 12.44 kg 

 

Keep mass, seek velocity  

Forge hammer:  m = 1.0 kg =>  v = √((2 * (Wtot – mgh)) / m) = 11.3 m/s 

Sledge hammer: m = 4.5 kg =>  v = √((2 * (Wtot – mgh)) / m) =   5.8 m/s 

 

Mass increase 

Forge hammer: (9.53 – 1) / 1 = 8.53 = 853% larger 

Sledge hammer: (12.44 – 4.5) / 4.5 = 1.764 = 176.4% larger 
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J Power generation by solar cells 
 

The Cell Paver fabricates thin film solar cells and intergrates them into a 
´panel´strings/arrays for connection into a solar system (fig.29). 

The Paver is a self-
contained, self-reliant 
mobile fabricator that 
clears or circumvents 
rocks and boulders, and 
smoothes the terrain in 
front of it. 

Fig. 29. Schematic representation of the rover´s solar panel/concentrator deployment mechanism. 

The solar energy is incident on an emitter 
plate (fig.30), which will actually heat the 
regolith. The material that is outgassed from 
the regolith while it is liquid will not coat the 
end of the fibers and reduce the optical flux. 

Fig. 30. Heating array to melt lunar regolith [Freundlich et al., 2005] 

Small parabolic collectors generate the 1300ºC to 1500ºC needed for the solar cell 
fabrication, and are integrated with high efficiency light pipes (bundle of optical fibers) 
to focus/redirect the concentrated solar energy onto the regolith for melting and onto 
specially designed evaporation ovens for silicon and metal deposition.  
 
The greatest thermal need is for regolith melting, which from requires approximately 
50-60 W/cm2 to process. The rover would need app. 200 W of electric power to move 
through sand at about 2-3 km/hr. When depositing solar cells, the rover would be 
moving forward at app. 1 cm/min and this would produce about 180 kW per year. A 
solar panel of app. 1 m2 will be needed to provide this electrical power. The area of the 
solar cell itself will be about 0.10 x 0.10 m and of the rover 0.6 x 1.2 m. 
 
The Paver maneuvers over the lunar surface and continuously lays down solar cells on 
the landscape. e.g. a ~24V, 2 A array element requiring ~100g of raw materials 
(evaporants), and take about 10-12 hours to fabricate. Interconnections between arrays 
and the power distribution system will be implemented with thick film metallic iron flat 
wires deposited by the Paver on the perimeters of the solar cells as part of the cell 
deposition process. 
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K Glass manufacturing 
 
Raw material in the composition of glass: 

Oxide/Alumina/Magnesia:    5%        
Lime:     10%       
Sodium (Na2O ):  14%           
Silica (SiO2 ):         70-72% 

 
The Glass Manufacturing Process 

The glass container manufacturing process involves a range of procedures, equipment, 
materials and team members. The key to maintaining optimum control of process 
quality and productivity is the elimination of any process variation. Below is a step-by-
step breakdown of the glass manufacturing process:  

 

1: When the glassblowers start to make a new wine glass or piece, the first step is to dip 
the heated blowing pipe into the molten glass in the forge. Glass pellets are commonly 
used in the glass furnaces and are heated up to a temperature of approximately 2400 
degrees Fahrenheit (1430°C). The molten glass is ready for use when the viscous 
consistency likes that of treacle and the temperature has dropped to around 1130°C. 

2: The glowing glass is then brought to the bench where it is formed with wooden tools 
called blocks until it is symmetrically shaped, and the first air bubble is blown into the 
glass. Next, the glassblower casts the glass in the mold and blows through the pipe to 
give the glass its optique, or pattern that gives it shape. 

3:  The finished piece is then broken off of the pontil.  When the glass is removed, the 
base is heated to remove marks or imperfections, and the piece is placed in a special 
oven to cool. Glass must be cooled very slowly to keep from cracking. This process, 
called annealing, can take as long as 6 to 8 hours. When the glass has cooled sufficiently 
the ”cap” – the connection between the bowl and the pipe – is broken off, before the 
edge of the glass is ground smooth and the finished glass is inspected.  

 

Soda-lime glass is used for windows, bottles, etc., and is easily formed and shaped. 
Borosilicate glass (known commercially as Pyrex) is used for cooking and chemical 
glassware because of its strength at high temperatures, low coefficient of expansion, and 
good thermal shock resistance. Float glass, a British invention, is formed by floating the 
glass on molten tin to produce flat surfaces that do not need polishing and that have a 
uniform thickness of around 6 mm (ƒ in), though this can be adjusted as required [Kosta 
Boda] and [Midnightsun Designs].  
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