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NEAR-EARTH ASTEROIDS

* Near-Earth Asteroids (NEAs) are of interest
due to the relative ease of reaching them.

* All NEAs have perihelion less than 1.3 AUs.




ESTIMATED NUMBER OF NEAS

Diameter(m) >1000 1000-140 140-40 40-1
Distance (km) <400,000
for which >20 million <20 mi||i0n, (Lunar orbit) <32,000
F>100 > 400,000 >32,000 >20
(A=0.5 um) (GEO orbit)
H(absolute
: 17.75 17.75-22.0 22.0-24.75 >24.75
magnitude)
N estimated 966 14,000 ~285,000 ??
N observed 899 4,557 2,259 1,685
O/E ~33%




KNOWN NEAS




FROM EARTH TO ASTEROID & BACK

1. Ground Base
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IMPORTANT QUESTIONS

Economic Asteroid
Demand Composition

Astrodynamics Mining
and Propulsion Technologies



ECONOMIC DEMAND

Lo
\

Processor
Producer

End customer
(Space tourist)

Our
Products and services

House tourists

Rent space for science
Reload site / emporium
Rent storage capacity
Space jewelry collection

Processing plant
Storage
Production plant
Fuel station



TYPES OF NEAS

C-type
Carbonaceous
(water, volatiles)

S-type
Stony
(silicates,
sulfides, metals)

M-type
Metallic
(metals)




433 Eros-33 x 13 km

NEAR, 2000
» B
Py
5535 Annefrank 2867 Steins
6.6 X 5.0 X 3.4 km 59x%x4.0km
Stardust, 2002 Rosetta, 2008
o 951 Gaspra
. 18.2x 10.5 x 8.9 km i
Galileo, 1991 i
25143 Itokawa 9969 Braille
0.5x0.3x0.2km 21%x1x1km
Hayabusa, 2005 Deep Space 1,1999
253 Mathilde - 66 x 48 x 44 km »
NEAR, 1997 Da Cty|
[(243) Ida 1]
1.6 x 1.2 km
Galileo, 1993 ‘ )
9P/Tempel 1
1P/Halley - 16 x 8 x 8 km 7.6 x 4.9 km
Vega 2,1986 Deep Impact, 2005
19P/Borrelly 81P/Wild 2
8 x 4 km 5.5%x4.0x 3.3 km
243 |da-58.8 x 25.4 x 18.6 km Deep Space 1,2001 Stardust, 2004

Galileo, 1993



MATERIALS FROM NEAS

Raw silicate Ballast or shielding in space
Water and other volatiles Propellant in space
Nickel-lron (Ni-Fe) metal Space structures

Construction on earth

Platinum Group Metals (PGMSs) Catalyst for fuel cells and auto
catalyzers on earth
Jewelry on earth

Semiconductor metals Space solar arrays
Electronics on earth




NEA ORBIT TYPES

Apollo Aten Amor
Semimajor Axis = 1.0 AU Semimajor Axis < 1.0 AU 1.02 AU < Perihelion £ 1.3 AU
Perihelion £ 1.02 AU Aphelion £1.0167 AU
Earth Crossing Earth Crossing
-
Type | Near-Earth Population
Apollo | 62% of known asteroids
‘Aphelion < 0.933 AU 5 Aten | 6% of known asteroids
Always inside E:nh's o':b:t Amor | 32% of known asteroids
i Apohels) IEO 6 known asteroids

Image Credit: http://neo.jpl.nasa.gov/neo/groups.html



http://neo.jpl.nasa.gov/neo/groups.html

ACCESSIBILITY

We want to find the asteroids with low delta-vs
to reduce propellant needed.

ST T T Distribution of
@ specific linear
- : momentum of a
150 3 Hohmann transfer
; from low Earth orbit
100 F (LEO) tg NEAs
- according to
50 F Benner.

delta-v {km/s)




ACCESSIBILITY: ROCKET EQ
Av = Ve In (MCF', (MB'MP))

where
Av = velocity change
V, = exhaust velocity
M, = total mass
M, = propellant mass

Two Options:
1. Reduce delta-v required for trajectories to enable low-




ACCESSIBILITY EXAMPLE

“Apollo-Type” Mission Rety
Trajectory
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Asteroid
Departure
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Outbound Trajectory



LOW DELTA-VS FOR MANY NEAS

Mars/Moon/Earth Delta-Vs 280 —r r ] rr7

200

Low Mars orbit
Phobo

0.8
Phobos transfer 150

Deimos transfer

100

Mars C3

Deimos

09 50

Mars transfer
30

IIIIIIII!'IIIIIIIIIIIIII

Earth C3

Key:

— Delta-v
Optional dﬂllﬂ_v (km/s)

+ Aerobrake

Crbital
Location

[s=]
[\

LEO

Lunar orhit

Moon

M.B. Mot all possible routes are shown,
Delta-ws are in kmjs and are approximate




ROCKET PROPULSION
TECHNOLOGIES CLASSIFICATION

CHEMICAL NON - CHEMICAL
PROPULSION PROPULSION

- Liquid Storable - Electric propulsion

- Liquid Cryogenic - Resistojet

- Solid - lon thruster

- Hybrid - Arclet

- Cold Gas/Warm Gas - Hall thruster

- Solar sail propulsion




MINING SYSTEM MODEL

Rock
Pr r




MINING STEP 1: EXPLORER

* Explorer is a light fast robot equipped with a
Rock Breaker and chemical analyzers that can
scout viable mining areas.

* Low mobility environment prevents use of
wheeled rover.

L =

Hopping Jumping Tortoise, High Surface
Ciliary Micro-

hopper

Grasping Rock Climber High Surface,
Underground

Legged Multi-limbed Medium Surface
Rover, Big Dog



MINING STEP 1.:
EXPLORER EXAMPLES

Eccentric Motor

o P
L E S o o

static state rotating hopping

(a) Hopping based on reaction torque

Thermal insulation / Shock absorber Eccentric Motor

Image Credit: Yoshida. “Jumping Tortoise: A
Robot Design for Locomotion on Micro Gravity ciia I
Surface.” step0 step1 step2
static state crouching hopping
Boulder Expioration deploy (free-fall) Image Credit: Nagaoka, et al. “Ciliary

(Surface exposed boulders contain
direct information of the asteroid’s
interior as deep as its size.)

Micro-Hopping Locomotion of an Asteroid
Exploration Robot.”

/




MINING STEP 2:
ROCK BREAKER EXAMPLES

Electric Rockbreaking

Controlled Foam
Injection (CFl)

Diamond Wire Sawing

16.0m
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MINING STEP 3A:
ROCK EXCAVATOR

* The excavator digs up large quantities of rock in
the area the Explorer + Rock Breaker has identified
as viable. It is the main miner.

e Currently extremely common on Earth and there
are robotic ones under development such as

QinetiQ Spartacus:
Capacity 4540 kg
Speed 2.33 m/s

Range 800 m
Power Diesel

Volume 5.97 m3
Mass 5675 kg




MINING STEP 3A:
ROCK EXCAVATOR EXAMPLE

. ———— e ST




MINING STEP 3B:
WATER EXTRACTOR

Water Collection
Canister

Volatiles Extraction and
Capture System (VECS).

ley-Soil Acquisition
and Delivery System
(ISADS)

. ley soil is collected

on auger flutes

. Auger is heated,

releasing water
vapor from soil

. Water vapor

condenses on cold
finger and collects
inside a canister

. Liquid water is

pumped out of
canister to holding

tank inside rover
Warm Electronics
Box



MINING STEP 4: PROCESSOR

* Depending on the type of mineral or metal,
processing it on-site may be more feasible than
bringing it back to Earth.

Metal Loose grains Electrostatic or magnetic
Macroscopic lumps separation
Interconnected Crush and then sieve
dendrites Carbonyl separation
Volatiles With minor silicates Melt slabs
Minor component Drill into, vaporize, distill

Chemically combined Severe heating (> 800 K)

Hydrocarbons With major silicates Heat and distill




MINING STEP 4:
PROCESSOR EXAMPLE

collector |, [reject oversize Conceptual process flow sheet for
¢ volatiles extraction from carbonaceous
chondrite-type asteroid. Image Credit:
pressurize | o Sonter, Mark. “Technical and
/ fluidize ) - ..
Economic Feasibility of Mining the
l Near-Earth Asteroids.”
heating &
volatiles
extraction

solids / gas > heat en g;ma_f
separation £as repressurizer

tailings volatiles collector /
discharge condenser / bag
storage




MINING SYSTEM DESIGN

Names Microbot 100 N/A N/A N/A
iRobot
710 Electric Rock-
Warrior 3 breaking 3 Generic 1 None
Mass
(kg) 0.1 100 10 0 0 0
1145.493
226.8 3 680.4 05 3 1.5 453.5925 1 453.59 0 O 0 kg
Carryi
ng
Mass
(kg) 0 100 0 0 0 0 O 0
907.185
136.1 3 408.3 0 O 0 907.185 1 907.19 0 O 0 kg
Power
(W) 0.1 100 10 0 0 0O O 0
122000
500 3 1500 40000 3 120000 500 1 500 0 O 0 w
Volum 4188.790
e (m3) 205 100 418879 0 0 0 O 0
612553.0 2257040

45 3 2E+06 05 3 1.5 500 1 500 0 O 0 m3




PHASES OF MINING

% Goals: Development and manufacturing of necessary equipment
Phase ll: Infrastructure Setup in Space

Duration: Goals: Establish an operation base in space; Send mining module to

S years target asteroid; Send cargo module to target asteroid

A 4

Phase IlI: Mining Initialization (Reconnaissance)

Duration:
3 years

Phase IV: Manufacturing and Consumption

Goals: Initialize mining process

Duration:
3 years

Goals: Continue mining process; Sell the product



COST STRUCTURE

Phase | Phasell Phaselll PhaselV
R&D
Target Analysis X
Technology Analysis X
Space Craft Design X
Manufacture Space Craft Model X
Qualification Tests X
Optimizing Space Crafts / Mining
Technology X X X X
Manufacturing and Testing
Manufacture Docking Station X
Manufacture Mining Module X
Manufacture Cargo Module X
Launch

Launch Docking Station X
Launch Mining Module X
Launch Cargo Module X

Operations
Costs for Control Center (own or rent) X X X
Personnel Cost X X X

Administration and Project Management

Project Management X X X X

dministration



RESOURCES UTILIZATION BY PHASES

unprocessed (Ore)

Pt group metals pure in bars
PtG containing
products

unprocessed
Rare Earth elements pure for industry

use

Space tourism (hotel)

Science capacities

Space jewelry collection

Implys space industry

Implys space industry
Implys space industry
Implys space industry

Implys space industry

We have to offer just accomodation in order to avoid
futher costs caused by launches.

We have to calculate appropriate rooms /
laboratories in our space station.

Should be possible in near future. We should sell
limited editions exclusively in space (for the rich
tourists) -> we can ask for extremly high price.




NET PRESENT VALUE

* The economic justification for an asteroid

mining operation is only the case if the net
present value (NPV) is above zero.

* [tis NOT just the cost of the project and
revenue generated.




SONTER’S NPV EQUATION

NPV = Corpit Mmpe f £ 7 €2 (149" = (Cranus (Mumpe + Mps + M) + B n)

C,it is the per kilogram Earth-to-orbit launch cost [$/kg]
M, is mass of mining and processing equipment [kg]

f is the specific mass throughput ratio for the miner [kg mined / kg equipment /
day]

t is the mining period [days]

r is the percentage recovery of the valuable material from the ore
Av is the velocity increment needed for the return trajectory [km/s]
v, is the propulsion system exhaust velocity [km/s]

i is the market interest rate




GE AND SATAK NPV

P = returned profit ($)
C,, = Manufacturing cost ($)

C, = Launch cost ($) is equal to m, . (Mass of spacecraft) * u;, (unit
mass cost)

Cr = Recurring cost ($) is equal to B (annual operational expense) *
T (total time)

C: = Reentry cost ($) is equal to M, .. (Mass returned) * f,
(fraction of material sold on Earti'n) * Upy (Unit mass cost)

Mmpepf
8

)

Cy = Ciner + Cspacecraft

Cs/c = 108(225 +

Cminer = Mpmpel e Avt/ve _ S¢

_ [Vs(l —fe) + Vefe]Mreturned Pr =

~NT 1—Sf




EXAMPLE CASE:
1996 FG3

17570641996 FG3) Element
a
q
i
node
peri
EartiDistance: 0.102 AU M
Sun Distance : 0.992 AU __Nov 22, 2011

Source: NASA JPL

Preliminary baseline of ESA’s MarcoPolo-R Mission

Value

.34983406668
87911
1.0541679265
97945
68538407386
32947
1.9917406207
71903
299.73096661
80939
23.981176173
36174
167.67133206
88418
2456216.3721
68471335
(2012-Oct-
15.87216847)
395.33305146
70441

1.08
191062459529
7746
1.4229517793
32595

(1-sigma)
1.5696e-08

7.8388e-10
1.6408e-08
1.4433e-06
4.8879e-05
4.8216e-05

1.4068e-06

1.4204e-06

4.4095e-07
1.207e-09
1.0157e-09

1.0581e-09

Uncertainty Units

AU
AU
deg
deg
deg

deg

JED

yr

deg/d

AU



TRAJECTORY TO 1996 FG3

Lk
Launch to asteroid
Arrival at Asteroid 1d-Jun-2019
19-Feh-202
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NPV COMPARISONS
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NPV DEPENDENCY ON
ECONOMICS
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WHAT'S NEXT?

Boulder Exploration
(Surface exposed boulders contain
direct information of the asteroid’s
interior as deep as its size.)

deploy (free-fall)
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o
L]
°,
0
0
0-
o‘




QUESTIONS?

Image Credit:
http://en.es-static.us/upl/2012/04/asteroid_mining.jpeg



