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RAP Project Team 

 
• PI : Marc M. Cohen, Arch.D, Architect 
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CoI for Mineral Economics: Brad Blair  
NewSpace Analytics LLC 

Mining Economics 
Cost Estimating 

CoI for Mission Design: Warren W. James 
V Infinity Research LLC 

“The Orbital Mechanic” 

CoI for Mining and Robotics: Kris Zacny, PhD, Jack 
Craft 
Honeybee Robotics 

Mining and Robotics Engineer 
Honeybee Robotics (10 Years) 
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Robotic Asteroid Prospector 
Presentation 

1. Overview - Infrastructural Development 
Approach  

2. Economics – Conditions and Estimates 
3. Mining Technology – Regolith Ice Experiment 
4. Mission Design --  Parameters 
5. Spacecraft Design – Initial Configuration & Ops 
6. Summary  -- Business Case -- Next Steps 
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RAP Space Infrastructural Approach 
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Metric Recent Near-Term Intermediate-Term Far-Term Very Far-Term 

Milestone Year (Approx.) 2010 2025 2040 2055 2070 

15 year Investment 2013 $B  
in Deep Space Infrastructure    25 50 100 200 

Rate of Investment in NYBs* 
at Milestone Yr 0 0.2 0.4 0.8 1.6 

People Living in Space 6 12 to 20 144-400 1,728-8,000 20,736-96,000 

Where Consumed Space Earth Space Earth Space Earth Space Earth Space Earth 
Commodity 1: Water Water   

  

  

  

  

  

  

Water   Water   Water   Water   
Commodity 2: PGM   

  

  

  

  

  

  PGM   PGM   PGM   PGM 

Commodity 3:                 
Radiation Shielding 

Rad 
Shielding   Rad 

Shielding   Rad 
Shielding   Rad 

Shielding   

Commodity 4:            Science 
Samples   

  

  

  

Science 
Samples   Science 

Samples   Science 
Samples   Science 

Samples 

Commodity 5: Regolith for 
Soil   

  

  

Regolith for 
Soil   

  

  

Regolith for 
Soil   

  

  

Regolith for 
Soil   

  Commodity 6: Structural 
Materials   

  

Structural 
Materials 

Structural 
Materials 

Commodity 7   TBD TBD 
  

NYB: NASA Yearly Budget, FY2013 NASA Budget is approx. $17B  
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Economics: 

• Extend the Space Infrastructural Approach to create an 
economic demand model. 
Determine the conditions necessary for mining of various 
products to be potentially feasible and profitable. 

•

– Rare Earth Elements – No Way 
Platinum Group Metals – Tough but Maybe 
Water – Could be Feasible 

–
–

• Order of magnitude calculations on quantities, degree 
of processing, cost, and price. 
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Economics 2 of 4: 

Economic feasibility convergence criteria for 
• Terrestrial sales of REE only 

– REE concentrate is subject to the same conditions as PGMs  
Only a handful of terrestrial refining & smelting operations can 
convert rare-earth oxide concentrates into refined metals 
Compounding this is the fact that REE grades in chondrites are 
two orders of magnitude lower in abundance, and at least one 
order of magnitude lower in price 
This makes it 1000x as unlikely that they will be an economic 
product of asteroid mining in the near term 
Thus the cost of mining REE from asteroids would be be p = a * 
103 

–

–

–

–

– To make a profit mining REE from Asteroids, cost must drop by  
p = a * 10-3.5 
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Economics 3 of 4: 

•

•
•
•

•

Current market price of Pl, discounted by refining 
costs is p = $41,000/kg 
If total mission cost is $750M per flight, 
Then, assuming a profit of 25%,  
We would need to return ~18,300kg of refined 
Platinum.  
(18,300kg = 635,000oz = 10% of 2012 Pt supply)  
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Economics 4 of 4: 

The chief competitor for asteroid sourced water is water 
delivered to space by low cost launch system. 

– This establishes the price point that asteroid mining must beat 
• Falcon Heavy can lift 50 tons to LEO for ~$125M 

– $2,500 per kg in LEO 
What is the cost of that payload at a Lagrange point? –
 

• Assume that the FH payload is a LOX/LH2 stage 
carrying a payload of water. 
Further assume that this stage costs $75M 
This system could deliver 17,000 kg of water to EML 1 at a cost of 
$200M 

•
•

– ~$11,700 per kg for water delivered to EML1 
RAP must do better than this to be a success –
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Mining 1 of 4:  
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Extract water first (easier to do) and establish sustainable business 
Develop technologies for extracting metals from minerals or de-alloying alloys 
or using alloys as is (in the form of powder, for example) for 3D printing  

Asteroid 

Free Water 
Ice  

Extraction   
Heating-Distillation In 

Space  
TRL 4  

Space Market 
Propellant, Life 

Support, Shielding 

Bound Water 

Extraction  
UVAR ISRU In Space OSG  

TRL 5 to 6  

Space Market 
Propellant, Life 

Support, Shielding 

Metals Powder 
on Surface 

Extraction  
In Situ  Processing 

TRL1-2 

Extraction 
In Situ Processing 

TRL1-2 

Earth Market 
Platinum Group 

Space Market 
Al, Ti, Fe, Ni, Si 

•
•
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• The Role of Robotics 
• Mechanical Equipment 
• Extraction Techniques 
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Mining 2 of 4: 
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Mining 3 of 4 

Cold 
Trap 

Soil 

Heating 
Element 

Auger &
Reactor 

   

Frozen 
JSC-1A  
Regolith 
Simulant 
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Mining 4 of 4: 

12 4/8/2013 

Tests conducted in vacuum chamber: 
Water extraction efficiency ~ 90% (i.e. 90% of initial water is 
captured) 
Energy efficiency ~80% (based on theoretical numbers  using 
latent heats) 

Water Icy soil (6 & 12 wt%) Dry soil (0.3 wt%) 

•

•
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Mission Design: 
•

•
•

•

Devise a mission architecture that can profitably return 
asteroid material to Cis-Lunar space 

–
–

–

Mission and Spacecraft must be scalable  
System must be resilient to propulsion system short falls and 
varying Delta V requirements for different missions 
Time required to return asteroid materials should be minimized 
to reduce ‘cost of money’ effects 

Preliminary characterization all mission phases 
Identify ways to reduce mission Delta V budget and 
reduce impact of synodic period for NEAs. 
Operations focused on use of a Gateway Station at an 
Earth-Moon Lagrange Point 

–
–
–

Reduces Delta V for departing and returning to Cis-Lunar Space 
Opens options for use of low energy transfers 
Provides a staging base for other deep space missions 
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Mission Design 2 of 5:  
 

1. Prospecting 
– No ISRU 

Returns 1-2 tons of samples 
May be staged from LEO 

–
–

2. Mining 
– Leverages ISRU to return ~150 tons of product 

3. Processing 
– Stationed at an asteroid for on-going resource extraction 

4. Transport 
– Transport only, no mining or processing 
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Mission Design 3 of 5:  
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•

•

•
•

•

Gravity assists from Earth and/or Moon swing-bys 
(outbound and returning), 
Deep Space Maneuvers for inclination control, 
targeting gravity assists and simulating gravity 
assists, 
Gravity assists from Venus or Mars, 
Type 3 or 4 transfers, (e.g. heliocentric transfer 
angles greater than 360 degrees), and 
Transfers to and from Lagrange points of Earth or 
other planets 
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Mission Design 4 of 5:  
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•
•
•

•

•

Reduced Departure Delta V 
Reduced Delta V for Cis-Lunar Capture 
Earth and/or Moon swing-by during departure 
and return 
Reduces Delta V to adjust departure 
inclination compared to operations from LEO 
Short period phasing orbits can be used to 
create suitable launch periods 
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Mission Design 5 of 5: 
• ∆Vs used for preliminary system sizing based on various 

previous asteroid mission studies 
– Additional ∆V can be provided by adding/resizing propellant tanks 

or trading payload for propellant 
 

• Earth Departure 
– Baseline is from EML but sized for LEO departure 

Unneeded ∆V can be applied to asteroid capture maneuver 
3.5 km/s 

–
–

• Asteroid Capture 
– 1.250 km/s 

• Asteroid Departure  
– 1.350 km/s 

Propellant for departure derived from asteroid resources and 
can easily be adjusted upward 

–

• Earth Return 
– 2.5 km/s 

Reflects reduced ∆V for capture to Lagrange Point –
12 MARCH 2013  © 2013 Astrotecture™ - 
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Spacecraft Design 1 of 6:  

• Designed to be able to fly a variety of missions with 
minimal modifications 

– Additional Delta V or payload is available by adding 
additional water tanks. 

• Solar Thermal  Propulsion system, which also 
provides process heat for resource extraction 
Photovoltaic system for bus power •

– If large amounts of electrical power are needed then a solar 
dynamic system using the solar collectors from the 
propulsion system would be incorporated 

• Reusable and based at EML point 
– Subsystems are designed for servicing by astronauts or 

telebots 
12 MARCH 2013 © 2013 Astrotecture™ - 
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Spacecraft Design 2 of 6 :  

• Solar Thermal  Propulsion using water as reaction 
mass 

– Allows water from asteroid to be used with minimal post 
processing 

Significantly more thrust than electric propulsion 
– Isp comparable to chemical propulsion 

Isp does not vary with distance from sun but thrust does –
Water density allows small tanks thus saving mass 
– Reaction mass is non-cryogenic 

Propellant can be stored in flexible tanks which simplifies 
launch packaging 

–

Solar collectors can be used to provide process heat for 
asteroid resource extraction 
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Spacecraft Design 3: 
Containment Vessel not shown in 
order to illustrate Capture Linkages 

Solar 
Concentrator 

Inflateable 
Deployment 

System Capture Linkages 

Solar Panels on 
Solar Array Drive 

Water Storage 
Tanks 

Mining Equipment 
15 m Asteroid 

Inflateable Air Bags 
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Spacecraft Design 4 of 6:  
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12 MARCH 2013 

Top 

Front Right Rear 
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Spacecraft Design 5 of 6:  
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Spacecraft Design 6 of 6:  

1. Approach Asteroid. Match 
Speed and Rotation Rate 

2. Capture Asteroid within 
Linkages 

3. Inflate Air Bags to 
Constrain Asteroid 
(Notional Concept) 
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4. Mine Asteroid 
(Containment Vessel 
Closed) 
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Summary –  

• What is a Rough Order of Magnitude (ROM) estimate of the cost 
of asteroid derived water?  

– Assume a 22 year program 
4 mining spacecraft 
12 water recovery missions 
Net water returned per mission is 150,000 kg 

–
–
–

• ROM estimates for costs are Total Expenses = $9.2B: 
– Development $2.5B 

Spacecraft Production: $3.6B 
Operations Costs: $3.1B 
Total Expenses: $9.2B 
Total water returned: 1.8M kg 

–
–
–
–

• RAP Cost of Water = $5,100/kg 
We beat our competition (Water from Earth @ $11,700/kg) •

– RAP is still better even if our costs double 
Water production could be doubled without doubling the total costs. –

• System design now needs to refined and detailed so formal cost  
estimates can be done. 
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RAP Summary:  
• Direction:  

– Work more cross-disciplinary iterations to close the concept. 
• Economics:  

– Prepare to make more detailed cost estimates.  
• Mining: 

– Do regolith/metal powder extraction research. 
• Mission Design: 

– Iterate trades and analyses to factor in mining & economic 
results. 

• Spacecraft Design: 
– Define subsystems and estimate their masses. 

Focus on Solar-Thermal Propulsion. –
• Integration: 

– Calibrate controllable variables, e.g., scale, mass, payload, 
operations duration, servicing & replenishment at Lagrange 
Point.  
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