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Executive
Summary
THE VISION FOR THIS PROJECT
Asteroid Mining Technologies, Roadmap
and Applications (ASTRA)
As humans deplete the resources of Earth, it has
become increasingly apparent that many of our
methods of aquiring these resources are damaging both to the environment and to humankind.
Our exponentially expanding consumption within
Earth’s finite biosphere places a significant stress on
the global economy, the ecosystem, and the future
of societies of Earth. Additionally, large scale operations such as strip-mining pose a cost to the environment that might just rival the financial costs of
establishing a mining infrastructure in space. Alternative sources of rare metals are needed to address
humanity’s growing demand for raw materials.

Naturally, a project of this scale encompasses a variety of spheres, including science, engineering, commerce, and policy. Team ASTRA's goal has been
twofold: (i) to assess the feasibility of developing an
asteroid mining infrastructure and (ii) to formulate
possible architectures for such an endeavor in the
context of an interdisciplinary roadmap. Our hope
is that this report and the recommendations within
One proposal to address this future scarcity is to will help inform future architects of asteroid mining
exploit resources from Near Earth Objects (NEOs) programs as a first-iteration survey of the complex
such as asteroids. Thousands of such NEOs have challenges and issues inherent in the task. This vibeen classified according to their orbital and optical sion is reflected in our mission statement:
properties (JPL, 2010). Literature estimates suggest
that asteroids may be a source of trillions of dollars’
worth of precious metals and minerals. The establishment of a space-based mining program would
generate new industry, offer potentially massive
profits, and would of necessity stimulate innovation. Furthermore, the same technology used to
mine these asteroids might one day be adapted to
facilitate deflection of earthbound potentially hazardous objects (PHOs) or to generate the materials
necessary for the construction of human settlements in space.

MISSION STATEMENT:

“To develop a roadmap
for the commercial mining of
near Earth asteroids, using an
interdisciplinary approach to
contribute to humankind”
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SCOPE AND CONTENTS
SCOPE OF THE REPORT
What we are doing, why we are doing it, and how the
Final Report can be of use to you.
This project is an investigation of issues and solutions
related to the mining of asteroids. Its focus is on mapping
out the fields of physical science, engineering, life science,
policy, business and social impact as they pertain to the
overarching goal of establishing a mining infrastructure
in space. This study culminates in a roadmap facilitating
more specific work on the exploitation of near-Earth
resources. Included in this investigation is the identification
of what makes an asteroid a preferred candidate for
mining, as well as preliminary mission concepts and legal
implications. Finally, a study on the economic viability of
asteroid mining affords perspective into the development
of a business plan to deliver asteroidal materials such that
their monetary value is preserved.
Certain topics will not be covered explicitly in this work.
Specifically, detailed mission design, spacecraft system
and subsystem design, deflection of hazardous asteroids,
formal costing, and legal implications of space debris
from asteroid mining activities will not be addressed.
Also, due to the lack of current knowledge about NEOs it
is not considered appropriate to pick a specific candidate
for mining. Instead candidate asteroid types are identified
based on typical orbits and composition. Nevertheless, this
project will serve to identify critical areas of technological
development which may prove to be important for space
science and exploration.
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SCIENCE
CHARACTERIZING ASTEROIDS
Defining bodies of interest, detecting them, and
determining their composition
A near-Earth object (NEO) is one whose orbit brings it into
close proximity with the Earth. By definition, NEOs have
a maximum perihelion distance of 1.3 AU. Currently, no
reliable information exists about the composition or the
total number of NEOs. Successful models do, however,
estimate the NEO population to consist of around 100,000
objects larger than 150 meters and 1,000 larger than one
kilometer, as illustrated in Figure 1.
In recent years, concerns about Potentially Hazardous
Objects (PHOs) hitting the Earth have spurred an
international effort to detect and characterize the NEO
population. Now, data is available for almost all asteroids
larger than 1 km, and plans are in place to characterize
90% of asteroids larger than 140 meters by 2020.

Figure 2: Concentration of NEOs. Dark areas represent high
probability of asteroids, especially in Earth’s vicinity (circle).
Source: ASTRA

LOCATING ASTEROIDS

Figure 1: NEO abundance and relative sizes. Source:
Dr. James Green

CHARACTERIZING ASTEROIDS
Information about the composition of asteroids is inferred
from the observed reflected spectra, as well as from a
handful of missions to asteroids, as in the JAXA Hayabusa
mission. The three main categories are C-type (containing
carbon, hydrated minerals and organic chemicals), S-type
(containing metal and high levels of distinguishable
minerals), and M-type (containing mostly metals). 75%
of asteroids are C-type, 17% of asteroids are S-type, and
the remaining 8% are mostly M-type with some small
proportion of rare asteroid types.

By simulating the orbits of all 3,300 low-inclination
NEAs known, based on statistics obtained from the JPL
database, it is possible to track their distance from the
Earth as a function of time, and from this to deduce the
percentage of time over the next 30 years that at least
one asteroid is within any given distance. If we also limit
ourselves to a 0.02 AU wide, and 0.1 AU radius disk around
the Earth in a geocentric rotating frame, we can create a
map showing the probability distribution of at least one
known NEA being at any region in Near-Earth space, as
shown in Figure 2. It can also be deduced that there
are abundant opportunities for visiting NEAs requiring
a reasonable ∆V (5 km/s) and length of travel time (6
months round trip).
WHAT REMAINS TO BE DONE
While considerable progress has been made in recent
years, the body of asteroid knowledge remains limited.
Further data are required to inform future mining missions.
This may take the form of precursor missions performed
in tandem with increased ground-based observations,
such as fly-bys, rendezvous missions, and space-based
observations from infrared telescopes (NRC, 2010).
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BUSINESS
TURNING ASTEROIDS INTO PROFIT
The prospect of sending a spacecraft with mining equipment
to an asteroid and returning with vast quantities of valuable
ore or precious metals has been one of the most anticipated
space businesses for decades.
The commercial rationale is straightforward: resources
on Earth grow scarcer and more expensive over time
as consumption of the finite stockpile accelerates. A
commercial asteroid mining venture seeks to take
advantage of increasing mineral prices and the decreasing
costs of space activities to profitably address mineral
market needs.
As not much is known about the precise mineralogical
composition of asteroids, Team ASTRA has made use
of the best available data on anticipated composition
and current prices to estimate the size of the market
opportunity. Initial analysis suggests that a 500 meter
diameter asteroid could contain approximately USD 16.7
billion worth of platinum group metals (PGM). These
revenues are particularly attractive if the metals can be
repeatedly returned to Earth in a cost-effective manner.

R&D and operational funds required for asteroid mining in
terrestrial mining ventures instead, which would provide
a greater return? Until it can be said that asteroid mining
will provide a greater return, it is not a truly economically
feasible venture. Plotting the current position on the
graph depicted in Figure 3 will require characterization
missions to accurately quantify potential revenue streams
and precise mission cost data.
MARKET CHALLENGES
One of the anticipated problems with a commercial
asteroid mining mission is that of creating an oversupply
of resources in the global market. This market flooding
effect would result in a dramatic decrease in prices of the
resources brought back to Earth. The extent to which
flooding can be expected depends on the mineral to be
mined, the forecasted global production of the resource
at time of return, and the mission architecture definition:
notably the capacity and frequency of return missions.
To provide an initial baseline comparison, Team ASTRA
compared estimated quantities of PGMs and iron ore in
500 m diameter S- and M-Class asteroids, respectively,
with global annual production of those elements. As is
illustrated in Figure 4, bringing back even 418 kT of iron ore
annually will have no significant impact on current iron
supply levels, and thus no tangible risk of market flooding.
Conversely, just 578 tons of PGM would constitute 139%
of annual global production and would likely result in
significant price deprecation.
To mitigate the potential market flooding effects of
returning asteroidal PGMs, there are two possible
solutions: limiting the flow of supply into to the market
and driving demand through creation of a new market for
space metals.

Figure 3: Break even point achieved when Earth mining and
asteroid mining produce comparable returns on investment (ROI).
Source: ASTRA

OPPORTUNITY-COST
In evaluating any business venture, the issue of
opportunity costs must be addressed. Asteroid mining
presents a particularly interesting, yet straightforward,
opportunity cost question. What is the marginal rate
of return of investment dollars in terrestrial mining vs.
asteroid mining? In other words, if one were to invest the
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Figure 4: Asteroid mining activities are expected to significantly
impact platinum group metals economies while leaving that of
iron untouched. Source: ASTRA

POLICY AND LAW
LEGISLATION AND JURISDICTION
The legal issues concerning the mining of asteroids must first
be determined, explored, and resolved before ventures can
commence.
If asteroids are mined in space, then the space treaties will
apply, especially to those states which are party to the
treaties. However, since the current legislation governing
activities in outer space does not explicitly consider
asteroid mining, the space treaties (as well as international
and national law) give rise to several complications.

The United Nations Convention on the Law of the Sea
(UNCLOS) describes an appropriate framework for the
commercialization of resources unclaimable by sovereign
rights. Although the UNCLOS does not apply to activities
in space, this precedent provides a basis for the creation of
legislation allowing asteroid mining activities consistent
with existing space law. As of yet, under current
international law, the right to conduct mining activities
on near-Earth objects (NEOs) remains in question.

It is also important to define the jurisdiction for the
activities associated with asteroid mining in order to
attribute responsibility.

LIABILITY
A state would be liable if damage is caused on Earth or
to another space object on behalf of the mining entity.
A mining operation run by a private entity could be
associated with more than one state. In this case, it is
unclear which nation would be liable for the asteroid or its
mined resources. With the current set of international laws
and space law, it is unclear how to manage these issues.
DISTRIBUTION OF RESOURCES
APPROPRIATION
Currently, there exists no clear legal basis for the
appropriation of asteroids by an entity. Although Article II
combined with Article VI of the Outer Space Treaty (OST)
seems to prohibit appropriation by a private entity, the
ASTRA report explores loopholes allowing commercial
gain through asteroid mining activities. However, these
opinions would not find wide acceptance. Therefore,
a new legal regime should be created to ensure the
legality of asteroid mining.

The absence of certainty of a legal framework for the
distribution of resources acquired in outer space may
prevent commercialization. So far, only the extraction of
samples for scientific purposes has been regulated.
Any strategy for distribution of resources from asteroid
mining must be consistent within the context of defining
space as the ‘common heritage of mankind’ (Art. I
OST). Therefore, the meaning of this principle must be
determined and clarified.
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HUMAN FACTORS
HUMAN AND ETHICAL CONSIDERATIONS
Recent advancements in the aerospace and medical fields
have made the establishment of a permanent human
presence in space more tangible than ever. However, more
progress is required, especially for long-duration missions.
The excitement of newfound capabilities often tempts us to
take action merely because we can. It is necessary to temper
this enthusiasm with sound ethical reasoning in order to
identify and minimize foreseeable consequences.
While adding humans to an asteroid mining mission
is a risky, costly, and laborious process, humans offer a
number of important advantages. Characteristics that
are uniquely human - flexibility, adaptability, creativity
- translate into problem-solving, decision-making, and
trouble-shooting capabilities, traits with the potential to
dramatically improve mission performance and success.
Robotics research has made significant progress, but
developers have yet to produce results comparable to
human performance on many axes.
Robots are much faster at processing information and
performing calculations than humans, while humans excel
in tasks requiring fine manual dexterity, decision-making,
and direct visual perception. Humans are able to respond
to unexpected events and are capable of conducting a
wide range of tasks. As demonstrated with the Hubble
Space Telescope, they can even repair systems that were
not intended for repair (Akin, et al., 2007). Including
humans on spaceflight missions adds complexity and cost
in the form of higher reliability and safety requirements
for spacecraft and launchers, as well as complex, weighty
Environmental Control and Life Support Systems (ECLSS).

“The combination of the best automatic
machinery you can build and human
adaptability and flexibility make the best
combination for exploration.”

-Al Bean, Apollo 12 astronaut

A hybrid mission involving human-robot cooperation
presents an interesting alternative using the best aspects
of these two options. Many researchers and astronauts
advocate this collaboration as the ideal mission
architecture, resources permitting (Jacobs, et al., 2007;
Carroll, 2009). Ideally, asteroid mining missions would
use in situ human tele-operation of robots for minimal
time delay, plan for human-robot collaboration in facility
maintenance, and encourage troubleshooting in tandem.
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MICROGRAVITY
To sustain the costly advantage of human presence in
an asteroid mining mission, health of crewmembers
needs to be maintained. Microgravity poses physiologic
challenges to cardiovascular, musculoskeletal, endocrine,
immunological and neuro-cognitive systems; specific
countermeasures must be developed to minimize harmful
side-effects (Clement, 2005). Current countermeasures
include pharmacology, exercise and engineering of
centrifuges and specialised garments. However, a great
deal more research is required to fully understand these
challenges and to develop novel solutions with greater
efficacy. A full discussion of these effects and the
appropriate actions taken to counter them is beyond the
scope of this summary; for further depth, please refer to
the ASTRA Final Report. Only one human, Valeri Polyakov,
has exceeded one year in continuous spaceflight; it is
accordingly difficult to extrapolate data for use in models
of longer missions (New Mexico Museum of Space History,
2010).
RADIATION
The space environment beyond Earth’s magnetosphere
exposes humans and equipment to a variety of
harmful radiant sources, including galactic cosmic rays
(GCRs), ionizing radiation, and solar particle events,
raising concerns about cancer, infertility, and more.
Current practices emphasize pharmacological means
(antioxidants, radioprotective drugs), shielding of
spacecraft and EVA suits, and crew selection.
NASA-defined acceptable limits of exposure on the
space station are 10 times the allowable yearly dose of a
nuclear power plant worker; all current designs for human
missions to asteroids exceed this limit, rendering such
endeavors infeasible at present.
THE ASTEROID SURFACE
It is assumed that asteroids are covered in material
similar to lunar dust (also referred to as regolith), which is
characterized by its fine particulate nature, jagged edges
abrasiveness and greater chemical reactivity relative to
terrestrial analogues. These properties render regolith a
considerable threat to crewmembers’ pulmonary, nervous
and cardiovascular systems, as well as to the surfaces and
articulations of mechanical equipment. While the exact
composition of asteroid surfaces remains unknown, one
thing is certain: more data concerning regolith retention
and nature is required in order to properly design EVA
suits and mining machinery.

HUMAN FACTORS
ETHICAL IMPLICATIONS
If robots could be used in an asteroid mining mission,
why should humans be subjected to health hazards many
magnitudes greater than those they experience on Earth?
To what degree could humans be conscionably exposed
to such conditions? We must consider whether or not it is
right to send people on asteroid mining missions, or what
conditions must be met before we can do so.
Informed consent is imperative: potential crewmembers
must be apprised of all risks to ensure they have a clear
appreciation of the hazards and implications of agreeing
to participate in an asteroid mining mission.
Planetary protection poses another vital question. Some
microbes can withstand the harsh vacuum of space; any
existing on asteroids might be brought back to Earth
with ore. These microorganisms, to which we have had
no evolutionary exposure over millennia, might pose
a novel threat to our (or other organisms’) immunities,
threatening populations, ecosystems and the integrity of
the biosphere itself. Caution must be exercised to ensure
that no organisms are imported back to Earth.
SOCIAL IMPACT: THE CREW
Wherever humans travel, we export with us our societal and
cultural paradigms and all that they entail.
Social hierarchies, career cultures, gender and national
cultures are but a few examples of social constructs each
crewmember will export in an asteroid mining mission. A
code of conduct must be established and agreed upon
by all to minimise the conflict that might arise from
differences in these traits.

A multi-disciplinary approach to spacecraft design
incorporates architectural, engineering, ergonomics
and psychology to create a space that optimizes worker
productivity, facilitates privacy, and minimizes monotony
and psychological distress. Lamps mimicking natural
sunlight, ergonomic work consoles, and aesthetic
architecture (colors, earthscapes) can all help create a
healthy work and living space in which it is also pleasurable
to live.
SOCIAL IMPACT: SOCIETY AT LARGE
Asteroid mining has the potential to profoundly impact
society on global and local scales. The most immediate
effect will be on the global raw material markets. Miningbased communities may lose their economic impetus as
traditional mining is rendered uneconomical. However,
as a profitable space venture, asteroid mining drives
innovation and technology optimization. New business
opportunities may improve overall global welfare. This
may also impact social class dynamics. For example, it may
reduce highly educated astronauts to manual laborers
or perhaps elevate miners to a new societal station. If
humankind is to make asteroids part of its realm, existing
policies on Earth must be made more supportive of space
ventures; it will be necessary to convince policymakers of
the importance of facilitating space businesses if we are
to develop our society as a truly cosmic culture. Favorable
public opinion is key to success, necessitating public
outreach.
HUMAN PARTICIPATION

It is impossible to assess the true value of human
spaceflight solely in terms of cost. While this certainly
seems to be the dominant metric in Western (if not
Proper crew selection and pre-flight training will all) societies, this achievement fulfills another societal
be essential. Candidates should be able to endure requirement: our need to explore and to expand our
significant psychological stress, isolation, confinement, society beyond Earth’s limits. More simply than that, a
and have strong conflict resolution skills (with ground- human presence in so strange a place as space inspires
based counselling available for incidents that cannot be us (and subsequent generations) to achieve even greater
resolved internally). Isolation from society and family technological and scientific heights. Cultural institutions
will be significant in long duration missions. Frequent such as the Eiffel tower, opera houses or theatres are
correspondence will maintain crewmembers’ feeling of not financially utilitarian (Codignola and Schrogl, 2009);
connectedness. A variety of pre-recorded media (e.g. films, despite this, they continue to exist because they help us
books), mentally stimulating activities (e.g. continuing fulfill a greater cultural need.
education), meditation and exercise programs will be
carefully coordinated to minimize these risks.
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ENGINEERING
MISSION OVERVIEW
Asteroid selection has an influence on the engineering
approach and architecture chosen. In this study, two types
of scenarios are considered.
SMALL ASTEROIDS
Several small asteroids would be obtained and
transported whole back to LEO (or Earth’s surface) for
extraction and processing. Two methods for this return
are considered. In the Tugboat Method, selected small
asteroids are captured and attached to a spacecraft for
transport to Earth. A second method, Thruster Installation,
involves placing a series of propulsive engines on the
surface of the asteroid, allowing for transport back to
Earth. De-spinning of the asteroid presents a significant
challenge here; propulsion and attitude-control systems
need to be developed accordingly.
LARGE ASTEROIDS
A mission involving large asteroids would involve in situ
extraction of desired resources for transport back to
Earth; the asteroid would not be displaced from its orbit
around the Sun. Mission feasibility will likely require a
long-duration mission and extensive development of
mining equipment and technology. The duration of the
asteroid’s orbit and the time of its closest approach to
Earth will need to be carefully considered to facilitate
the eventual transportation of the extracted resources
back to Earth. It is likely that a Hohmann transfer would
be used to reach the asteroid. Figure 5 illustrates such a
transfer.

TECHNOLOGY DEVELOPMENT
Both scenarios described here involve the eventual
transport of resources extracted from asteroids back to
Earth. The technology readiness level (TRL) assessment
prepared by Team ASTRA was divided into two subcategories for analysis: mining and transportation
technologies. In both cases, each was rated on a scale
of one to nine. The highest rating, nine, indicates a
technology that is currently available for use in space. TRL
estimates were given for the remainder of the potential
technology concepts.
Examples of mining technologies explored include
drilling systems, excavating/strip-mining methods, subsurface tunneling/penetration, and pressure and solvent
supply requirements. In situ resource utilization (ISRU)
can be used to extract resources to be used in mining
operations. Some of the technologies considered for
propulsion include solar thermal propulsion, chemical
propulsion, ISRU materials as fuel, and magnetoplasma
dynamic thrusters. ∆V calculations and low-thruster
propulsion efficiency were also analyzed in relation to
these technologies. Large payload return was considered
separately. Options included tether transportation,
gravity assistance, lunar assisted capture, aero-braking
and propulsive braking.
REUSABILITY OF EQUIPMENT
Thrusters and/or other mining equipment might be
transferred from one asteroid to another once extraction
processes on the first are complete, greatly reducing
launch costs between missions.
FACTORING HUMANS INTO THE EQUATION
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Figure 5: A Hohmann transfer makes use of
two thruster impulses

The decision to use humans, robots or some combination
of both is a major factor in design. The degree of human
involvement may be necessarily different for various
stages of the mission. For example, in autonomous
mining systems, humans could be used to establish
.
mining infrastructure on the asteroid and then
depart. Another option (for small asteroids returning to
LEO) involves the launch of a human crew along with
mining equipment to perform mining operations inorbit. For this study, Team ASTRA suggests a completely
robotic mission to minimize costs and accelerate return
on investment.

ARCHITECTURES: SMALL ASTEROIDS
SELECTED: ARCHITECTURE V

Multiple launches
(robotic)

Assembly
at LEO

Individual taxi,
rendezvous

Attach craft
to asteroid

Return resources
to Earth

Extraction of
resources in LEO

Launch crew
and equipment

Return asteroid
to LEO

ARCHITECTURE I

ARCHITECTURE II

ARCHITECTURE III

• Single launch to LEO (humans)

• Single launch (robotic)

• Multiple launches (humans)

• Taxi to asteroid

• Taxi to asteroid

• Assembly at LEO2

• Rendezvous with asteroid

• Taxi to asteroid

• Landing, thruster installation

• Attach craft to asteroid

• Landing, thruster installation3

• Return crew, asteroid to LEO

• Return asteroid to LEO1

• Return crew, asteroid to LEO

• Bring asteroid to Earth surface

• Launch more crew, equipment

• Launch more crew, equipment

• Extraction of resources

• Extraction of resources in LEO1

• Extraction of resources in LEO

• Return resources to Earth

• Return resources to Earth

ARCHITECTURE IV

ARCHITECTURE V

ARCHITECTURE VI

• Multiple launches (robotic)

• Multiple launches (robotic)

• Multiple launches (robotic)

• Individual taxi, rendezvous

• Assembly at LEO2

• Assembly at LEO

• Landing, thruster installation3

• Individual taxi, rendezvous

• Taxi to asteroid

• Return asteroid to LEO1

• Attach craft to asteroid

• Attach craft to asteroid

• Launch crew, equipment

• Return asteroid to LEO1

• Return asteroid to LEO

• Extraction of resources in LEO1

• Launch crew, equipment

• Bring asteroid to Earth surface

• Return resources to Earth

• Extraction of resources in LEO1

• Extraction of resources

• Rendezvous with asteroid
3

• Return resources to Earth

1
2
3

LEO or Lagrange point, lunar orbit or lunar collision
LEO or asteroid or other location as in 1
Re-use strategies include reclaiming thrusters in LEO and return of thrusters to Earth
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ARCHITECTURES: LARGE ASTEROIDS
SELECTED: ARCHITECTURE III

Single launch
(robotic)

Robotic Assembly
in LEO

Taxi, rendezvous
and landing

Deploy
Equipment

Return resources
to Earth

In situ extraction
of resources

Autonomous
Mining

ARCHITECTURE I

ARCHITECTURE II

• Multiple launches (humans)

• Multiple launches (humans)

• Robotic assembly in LEO

• Human assembly in LEO

• Taxi, rendezvous, landing

• Taxi, rendezvous, landing

• Deploy equipment

• Deploy equipment

• Crew return to Earth

• Crew return to Earth

• Autonomous mining

• Autonomous mining

ARCHITECTURE V:

• Return raw materials to LEO

• In situ extraction of resources

PREQUEL TO ARCHITECTURE III

• Extraction of resources

• Return resources to Earth

• Return resources to Earth
• Bring small asteroid to Earth
• Test and develop prototypes

ARCHITECTURE III

ARCHITECTURE IV

• Single launch (robotic)

• Launch equipment

(redundancy)

• Robotic Assembly in LEO

• Launch crew

Feed into ARCHITECTURE III

• Taxi, rendezvous, landing

• Individual taxi, rendezvous

• Deploy equipment

• Landing, deploy equipment

• Autonomous Mining

• Initial mining, tests

• In situ extraction of resources

• Crew return to Earth

• Return resources to Earth

• Autonomous mining

• Up-scale operations (size)
• Manufacture multiple robots

• In situ extraction of resources
• Return resources to Earth
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TRADE-OFF STUDY
TRADE-OFF STUDY PROCESS
A customized Simple Multi Attribute Rating Technique
(SMART) method was developed for the evaluation of options at the architecture level.
Two study phases were carried out as shown in Figure
6: the first included one comparison of the six small
asteroid architectures and another of the five large asteroid architectures. The second phase of the trade-off
study compared the two architectures selected in the
first phase (large versus small architectures). The final selected architecture is that chosen from the large asteroid
group.

FINAL ARCHITECTURE
The trade-off study favored a robotic mission to a large
asteroid destination. The transport of an entire small asteroid of considerable mass means large costs to transfer a mass of which only a fraction contains valuable
resources. From a business perspective, returning solely
the PGMs of superior value is much more profitable. A
smaller mass can also return home to reach the market
faster.

CHARACTERIZATION OF ASTEROIDS
Methods available for characterization include analysis
of the Jet Propulsion Laboratory’s database of NEOs,
Earth-based remote sensing, space-based telescope
observation, and fly-by missions. Figure 7 illustrates
imaging data from the Galileo mission. The final architecture combines these options to attain accurate
information within cost restraints.
OF HUMANS AND ROBOTS...
A Strengths, Weaknesses, Opportunities, and Threats
(SWOT) analysis suggests robotic mining systems to be
preferable for both the large and small asteroid missions.
While humans contribute greater flexibility and enhance
overall mission performance, robotic systems offer reduced cost and lower risk. The technology for a fully automated mining system is not yet mature, but could be
developed for such a mission.

Figure 7: Composite of images from Galileo approach of asteroid
Ida. Source: NASA

Therefore, the results of the trade-off study indicate
that a robotic mission to a large asteroid serves as the
preferred mission architecture. This final architecture includes multiple launches to orbit, assembly of the hardware in Low Earth Orbit, transit to the large asteroid,
autonomous setup of the mining platform, extraction of
materials, and transport back to Earth.

Figure 6: Flow chart depicting steps
involved in ASTRA mission architecture
trade-off study. Source: ASTRA
1 Defining criteria, rating system, and weighting factors
(SMART table)
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SCIENCE

LIFE n
SCIENCES

Use Existing Space
Infrastructure for Humans
(Space Station, Space Suits)

Use of Social
Marketing Techniques

Participation of Students and
Academia

Robotic Self-Assembly
Systems on Ground

Assembly in LEO with Humans Autonomous Assembly in
LEO
Microgravity Mining and Processing in Space

ENGINEERING

Continue to Improve
Countermeasures and Life
Support Technology

Ground-Based Robotic
Mining and Processing

LEGAL

Fly-by Asteroid
Reconnaissance

Examine Existing
Legislation

BUSINESS

Earth- and Space-Based
Observations

SOCIETY

ROADMAP

Media Publicity

Heavy Lift Launchers

2010				

In situ Fuel Generation

Develop Sterilization

Outreach for Political

Asteroid Sample
Return Mission

New Legislation: Appropriation, Liability & Responsibility

Finance Surveying

2016 *				

The roadmap presents a strategy for future actions and
incorporates a scheduled plan for the required capabilities and technologies to be in place at the correct times.
The development of this roadmap requires that a number of interdisciplinary aspects be considered to ensure
that a clear objective is defined. It also answers the critical "why-what-how-when" questions that define a clear
action plan for the achievement of this objective. The aspects taken into account are physical sciences, engineering, legal, business, life science and societal issues. The
roadmap is visually represented in the diagram shown
above.
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Characterization of major
asteroids

2022			

2028 *					

Short Term: 2010 to 2016
Space-based remote sensing is necessary to better characterize asteroids in order to conduct a serious economic
feasibility study. To foster interest, asteroid mining stakeholders should use social and conventional marketing
techniques and have realistic legislation proposals. In
this timeframe, basic required capabilities must be demonstrated, such as the robotic assembly of spacecraft, robotic mining and processing on Earth, and cost-effective
launch systems.

Identification &
Characterisation

Finalize Scientific Database

Life Sciences
Framework

Methods for Returning Payload

Autonomous
Integration in LEO

Space Robotics for
Assembly and Integration
Systems for Launching
and Mining Asteroid

Asteroid Mining
and Processing

Microgravity
Mining and Processing

Autonomous Space
Transportation

Space Transportation
Systems

Resource Distribution Insurance policy

Finance Research,
Development & Company
Launch Public Acceptance

					

2034

ASTEROID MINING MISSION

Full Social and
Academic Support

and Society Support

Legal Framework

Finance Operations
& Mission Insurance

Business Establishment

2040		

* Evaluate economic feasibility

Medium Term: 2016 to 2028

Long Term: 2028 to 2040

In the 12-year period following a positive economic feasibility study, we must further characterize major asteroids with flyby missions and space-based remote sensing. The stakeholders should demonstrate spacecraft
assembly in LEO by humans, robotic mining systems in
a microgravity environment, and in situ propellant generation. With these capabilities, sample return from large
NEOs can occur to prove composition and demonstrate
rendezvous techniques. In this period, we must prove
the possibility of sterile delivery of materials to Earth and
conduct public outreach.

Continuing along the roadmap, the asteroid mining operator must produce positive economic results to attract
investment from governments, venture capitalists and
industrial partners. The operator must also complete or
have access to a database with asteroid orbits and compositions so that candidates for mining can be chosen.
The stakeholders must demonstrate more capabilities:
return of sterile materials to Earth, autonomous spacecraft assembly in space, microgravity asteroid mining/
processing, and propulsion systems with in situ propellant production. Policymakers must produce international legislation that allows for appropriation, delivery
and distribution of asteroidal resources. The legislation
must also manage liability of commercial asteroid mining companies and countries.
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CONCLUSION
Asteroid mining is an important milestone in both new
space exploration programs and future commercial
mining activities. Future scarcity of Earth’s resources will
result in an increasing demand for materials which can
potentially be harvested from asteroids. The exploitation
of asteroids presents a logical solution to this challenge;
their abundant resources make asteroids attractive
candidates for mining. Although there are several
interdisciplinary challenges that must be overcome
before an asteroid mining mission becomes a reality, the
obstacles are not insurmountable.
This project has investigated the existing challenges
and described possible solutions to pave the way for
a commercial approach to asteroid mining. From the
architectures developed during the project, a trade-off
study was conducted to identify the preferred mission
architecture. This created the basis for the interdisciplinary
roadmap, providing a timeframe for future activities
and identifying major steps that need to be taken and
technologies that need to be developed to achieve an
asteroid mining mission.
The following paragraphs summarize the conclusions
drawn by the ASTRA team, along with recommendations
outlined for future work.
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RECOMMENDATIONS
SCIENCE
Knowledge of
Asteroids

The body of asteroid knowledge, particularly distribution and composition, is limited.
Stakeholders should initiate the creation of a database of information from Earth and space
telescopes as well as fly-by missions of asteroids.

LIFE SCIENCES
BackContamination

Adapt planetary protection policies to the return of exploited material to avoid potential
microorganism contamination of the biosphere.

Human-Robot
Interaction

HRI allows greater flexibility with reduced risk to human life. Development should focus on
the control of mining robots to enable complex in-orbit mining operations.

Long-Duration
Human
Spaceflight

Human participation in asteroid mining missions would provide greater flexibility. Current
space environment countermeasures are inadequate to allow such long-duration human
spaceflight. Stakeholders should support and initiate necessary advancement of research of
these countermeasures.

SOCIETAL FACTORS
Policy
Policymakers should consider nations that depend on terrestrial mining to ensure tangible
benefits to all humankind. Stakeholders should inform those nations how they can benefit
from participating and supporting asteroid mining.
Public Outreach

LEGAL
A New Legal
Framework

ENGINEERING
Technological
Development

BUSINESS
Facilitating
Development

Outreach programs should focus on gaining public support so that policymakers shall be
proponents of asteroid mining.

A new legal framework is needed to foster wide acceptance of legislation, encompass the
interests of all nations, and provide incentives to non-participating states. Shareholders should
lobby for the development this framework. Spacefaring nations should issue governmental
statements to address concerns of non-spacefaring nations regarding distribution of resources.
Before asteroid mining is possible, various demonstration missions as well as technology
development are required. These include robotic assembly, mining, and processing
demonstrations, as well as new launch systems and advanced propulsion technologies
development. Therefore, stakeholders should initiate further technology development and
preparation of demonstration missions.
Governments should provide more supportive actions to commercial space ventures (incentives, tax breaks) so that commercial development can start in earnest.

Economic
Feasibility

At present, profitable asteroid mining depends on the return of high value low mass products such as platinum group metals. Stakeholders should study the market for these metals
to better forecast future prices.

Novel Uses for
Asteroidal Metals

Asteroid mining entities should spur demand for their products to counteract the effects of
market flooding.

15

ACKNOWLEDGEMENTS
The authors of this Executive Summary and the associated Final Report developed this work as part of the ASTRA team project
at the 2010 Space Studies Program, held at the International Space University in Strasbourg, France. In total, 44 people from 21
countries participated in the execution of this project.
The authors are particularly grateful to the following people whose inspiration and support helped to make this work possible:
Project Faculty
Dr. Chris Welch, Chair
Dr. Soyeon Yi, Emerging Chair
Alexandre Lasslop, Project Teaching Associate
International Space University Faculty and Staff
Dr. James Burke, The Planetary Society
Lin Copeland Burke, American Orff Society
Carol Carnett, Legal Aid Bureau, Inc.
Dr. James Dator, Hawaii Research Center for Futures Studies
Dr. James Green, NASA Headquarters
External Experts
Dr. Al Globus, San Jose State University / NASA Ames Research Center
Dr. David Korsmeyer, NASA Ames Research Center
Dr. Ian O’Neill, Discovery Channel
Team ASTRA would like to extend sincere thanks to all of the faculty, teaching associates, guest lecturers, and staff of the
International Space University.
Copies of the Executive Summary as well as the ASTRA Final Report may be found online at http://www.isunet.edu.
Printed copies may also be requested by contacting the International Space University:

International Space University
Attention: Publications/Library
Parc d’Innovation
1 rue Jean-Dominique Cassini
67400 Illkirch-Graffenstaden
France

Tel. +33 (0)3 88 65 54 32
Fax. +33 (0)3 88 65 54 47
mail: publications@isu.isunet.edu
http://www.isunet.edu
References

Akin D.L., Jacobs S., Gruntz D. (2007), Investigations into Several Approaches to EVA-Robot Integration, Society of Automotive Engineers (SAE):
37th International Conference on Environmental Systems, July 9-12, 2007, Chicago, Illinois.
Carroll M. (2009), The Seventh Landing, Springer Science + Business Media, Springer.
Clément G. (2003), Fundamentals of Space Medicine, Kluwer Academic Publishers Dordrecht.
Codignola L., Schrogl K.U. (2009), Humans in Outer Space - Interdisciplinary Odysseys, SpringerWienNewYork, New York.
Jacobs S.E., Stolen M.F., Roderick S., Akin D.L. (2007), Advanced Space Suit Design Within a Human-Robotic Architecture, International Astronautical Federation / International Academy of Astronautics (IAF/IAA): 58th International Astronautical Congress, September 24-28, 2007,
Hyderabad.
Jet Propulsion Laboratory (JPL) (2010), Small-body database, last visited July 26, 2010, http://ssd.jpl.nasa.gov/sbdb_query.cgi
National Research Council (NRC) (2010), Defending Planet Earth: Near-Earth Object Surveys and Hazard Mitigation Strategies, Final Report,
National Research Council, National Academies Press.
New Mexico Museum of Space History (2010), International Space Hall of Fame at the New Mexico Museum of Space History, New Mexico Department of Cultural Affair, last visited August 12, 2010, http://www.nmspacemuseum.org/halloffame/detail.php?id=132
Stolen M.F., Dillow B., Jacobs S.E., Akin D.L. (2008), Interface for EVA Human-Machine Interaction, Society of Automotive Engineers (SAE): International Conference On Environmental Systems, June 19, 2008, San Francisco, California.
Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies,
January 27, 1967, 610 U.N.T.S. 205 (entered into force October 10, 1967), last visited August 18, 2010, http://www.oosa.unvienna.org/pdf/
publications/STSPACE11E.pdf

16

(astra) Executive Summary Cover.pdf 1 8/16/2010 4:06:48 PM

C

M

Y

CM

MY

CY

CMY

K

