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The Heinlein Prize Trust 
awards the  

Heinlein Prize 
of 

 $250,000  
for accomplishments in 

commercial space 
activities.
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The trust supports 
education about 

commercial space 
activities worldwide.
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The trust supports the Ramon Orbital Student 
Spacelab to fly student experiments in space 

from all nations of the world. 
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Briefing by the International Academy of Astronautics 
Cosmic Study 3.17 

Space Mineral Resources
A Global Assessment

Challenges and Opportunities

Art Dula, Editor

To 
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6. Recommendations 

32



Purpose of the study approved by the Scientific Commission 
of the  Academy

To provide,  in one document,  the current state of the art  of the 
technology,  economics,  law  &  policy  related  to  Space  Mineral 
Resource opportunities and to make recommendations for moving 
forward. 

To provide a logical, systematic and practical road map to promote 
and encourage near term evaluation, development and use of space 
mineral resources.

No comprehensive summary of the current literature on this subject 
is  now  publicly  available.  This  IAA  study  is  the  first 
comprehensive  study  of  the  subject;  and,  thus  it  should  be  of 
significant value to its development for the benefit of humanity. 
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 31 Study Group Members contributed from 17 countries 

Oleg Alifanov, Russia; Haithem Altwaijry, Saudi Arabia;  
Bohdan I. Bejmuk, Ukraine, USA; Giovanni F Bignami, France; 

Andrea Boyd, Australia, Italy; Christophe Bonnal, France 

Franklin Chang-Diaz, Costa Rica, USA; Catharine Conley, USA;  
Arthur M. Dula, USA; Russell E. Dula, USA; Anat Friedman,  
Israel, USA; Li Furong, China; Jose Gavira, Spain; 

Fernando G. Gonzalez, Spain; Hans E. W. Hoffmann, Germany 

Shirazi Jaleel-Khan, Sri Lanka, USA; Roger Lenard, USA;  
Susan McKenna-Lawlor, Ireland; John Mankins, USA;  
Jacques Masson, France; George C. Nield, USA;  
Vladislav Shevchenko, Russia; Christopher Stott, Isle of Man, USA;  
Andrea Sommariva, Italy; Cathy Swan, USA; Peter Swan, USA;  
Tai Sik Lee, Korea; Rick Tumlinson, USA; Yang Junhua, China;  
Hiroshi Yoshida, Japan; Zhang Zhenjun, China 
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 11 organizations provided study content 

Heinlein Prize Trust 

U.S. National Space Society 

International Space Development Conference 

Texas A&M University – Aerospace Engineering Department 

European Space Conference – Turino 

Newspace Conference 

International Space University 

International Space Elevator Consortium 

Chinese Society of Astronautics 

Canadian Space Society 

Australian Space Society
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 5 firms provided business road maps 

Moon Express 

Excalibur Exploration Limited 

Deep Space Industries 

Ad Astra Rocket Company 
Shackleton Energy Corporation
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Organization: 
  

This study is organized to provide technical information, policy and legal 
analyses, economic context and opportunity analyses, and 
recommended steps for moving forward.  Finally, an international 
roadmap showing pathways forward is offered.  Following this roadmap 
will maximize the rate and likelihood of SMR development, as well as 
have the corollary benefit of saving humanity from one or more potential 
civilization or species-ending disasters.  The layout of the study report is 
structured across a logical sequence: 

 First – Set the stage; general background and then “how to mine.” 
 Second – Describe the market and potential roadmaps to profit 
 Third – Look at the technologies necessary to achieve success 
 Forth – Conduct analysis between choices 
 Fifth – Assess the legal, policy and governance issues 
 Sixth – Summarize conclusions and recommendations
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Chapter 1  Introduction:  This chapter shows the ideas expanded upon throughout the 
document, as well as, a description of space mineral resource approaches and a listing of 
the types of resources being sought.  In addition, some quick insights are shown to set 
the stage for the rest of the report. 
Chapter 2  Mining of Space Resources:  This chapter will show the mineral content of 
likely locations for mining and processing materials as well as discussions of the 
processes and the technological equipment needed.  Asteroids have tremendous 
potential; but, each is different and needs to be understood prior to approaching.  
Planetary surfaces provide a spectrum of mineral resources; but, where and how to 
develop them is the question.   
Chapter 3  Market Approach:  This chapter will look at financial approaches to ensure 
commercial success.  Economic models will look at not only the value of the minerals to 
be mined, but the investment required to get there, provide mining facilities, store the 
resources, and then transport them to the customer.   
Chapter 4 Roadmaps for SMR Development:  This chapter will provide an understanding 
of “how to” achieve commercial viability on space mineral resource development, four 
company SMR roadmaps will be shown to lay out the approaches that each of these 
companies has taken.   
 - Deep Space Industries  
 - Shackleton Energy Company 
 - Excalibur Exploration 38



Chapter 5 Quick Look at SMR Systems:  This chapter will analyze the systems aspects of 
these solar system level ventures.  It will help identify the various risks that much be understood 
and mitigated. Technologies will be assessed as to their level of readiness for space with the 
traditional NASA Technology Readiness Level [TRL] approach and rating.  In the end, this will 
assess the technological feasibility of the effort to provide a profit for SMR commercial ventures. 
Chapter 6  Modeling and Analysis:  This chapter will look at the needs of commercial 
venders in understanding the issues.  In addition, the modeling and analyses will help ventures 
understand where to invest near term funding to create a successful venture.   
Chapter 7  SMR Policy, Legal and Other Considerations:  This chapter will analyze 
international treaties and policies around the world for operations in space.  

Chapter 8  Findings, Conclusions & Recommendations:  This chapter will consolidate the 
findings and lead to the report’s conclusions and recommendations. 

Chapter 9  Concept for the Future – Water is the Currency for Space:  This is a brief 
extrapolation towards the future recognizing the importance of mining water.
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Principle Finding:   

SMR ventures cannot wait for government programs to 
lower technological and programmatic risks. Commercial 
ventures must determine the optimum path for 
commercial success and aggressively lead the way 
beyond low Earth orbit (LEO).  During the first half of the 
21st century, space leadership will come from 
commercial enterprises and not depend upon 
government space programs.  One concept that would 
leverage this series of initiatives is to convince 
government agencies that commercial enterprises will be 
there first and will be able to support government 
explorations by selling products to them at designated 
locations.  
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Major Conclusion:   

Members of the study group found that mining space 
mineral resources will enable economic travel between 
the Earth’s surface and near-by locations within our solar 
system.  The process of mining water from asteroids, the 
Moon or Mars will ensure that key elements are available 
at the spaceports of the future.  Water will ensure that 
human exploration will expand beyond low Earth orbit 
with the profit motive driving the exploitation of resources.   

With this conclusion, the following is supported. 
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Finding 1: Technical 

Technological risk reduction and engineering design: 
The mining of asteroids and lunar regolith is within the 
current state of the technical art.  The extrapolation of 
Earth-based mining seems to be a one-for-one trade 
with some significant alterations due to vacuum, low 
gravity and temperature extremes.  Many proposed 
solutions have been suggested and tested [on Earth] 
leading to positive conclusions on this topic.
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Finding 2: Economic:   

Financial aspects of any activity focuses upon the 
initial lift to orbit costs.  Low cost access to space will 
enable space mineral resource utilization.  Reducing 
cost of delivery to an EML-1 Lagrangian spaceport by 
two orders of magnitude will ensure that commercial 
entrepreneurs will spring up and pursue the vast 
opportunities then available.  
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Finding 3: Legal 

Although space is inherently multi-national and 
international in its scope, experience indicates that 
national laws are the only framework that individual 
actors, both private and governmental, will accept as 
a means for specifically developing and acting in 
space. Mining and ownership of space mineral 
resources is parallel to national laws and, as such, is 
consistent within current international law. 
International space law has established that national 
laws govern national activities in outer space within 
the current framework. History has repeatedly 
demonstrated that areas controlled primarily by 
national, as opposed to international, law prosper 
most readily.
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Finding 4 – Publication of this study during 2015 is timely because interest in space mineral 
resources is growing.  Recent events include: 

A – “The Economics of NEOs:” A workshop held at NASA's Ames Research center in 
September 2014 with the aim:  “… to serve as a catalyst for discussions and to foster 
collaborations between industry, academia and government.”  Its summary is included in 
the study as an appendix. 

B – “Space Mineral Resources Governance:” A meeting held in the Hague on December 1, 
2014, resulting in the formation of “The Hague Space Resource Governance Working 
Group." 

C – “Towards the Use of Space Resources:” A follow-on meeting to the NASA Ames 
workshop held by the Minister of Economics of the Luxembourg in March 2015 to discuss 
the relationship and needs of commercial ventures and parallel government activities.    
Much of the discussion focused on risk identification and investment vs. technological 
readiness level. 
A key feature of Finding #4 is that commercial space ventures are currently aggressively 
investing in risk reduction and vvbzhhhhh.hhhjhhghghhhhhhhhh. out to form commercial 
and governmental partnerships.  These types of actions, in the past, led to development of 
major new industries.  It is reasonable to expect that this will happen in space industry. 
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Conclusion 

The study provides an authoritative summary of the technology, 
economics, law & policy of Space Mineral Resource opportunities 

and to make recommendations for moving forward to develop 
these natural resources for human benefit. 

31 Study Group Members from17 countries, 11 organizations 
provided content, 5 firms provided business road maps

A second IAA study on this subject has begun.  The IAA seeks and 
invites experts from developing countries to join this study group.  

Please contact the editors for more details.
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Principle Finding of the study.  
 
SMR ventures cannot wait for government programs 
to lower technological and programmatic risks. 
Commercial ventures must determine the optimum path 
for commercial success and aggressively lead the way 
beyond low Earth orbit (LEO).  During the first half of the 
21st century, space leadership will come from 
commercial enterprises and not government space 
programs.   Private enterprises will be there first and will 
support government explorations by selling fuel and 
water at designated locations. ULA now offers to pay 
$3,000 per kilogram of water delivered in low Earth 
orbit. 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Major Study Conclusion and an update after Trump's election. 
 
Members of the study group found that mining space mineral resources 
will enable economic travel between the Earth’s surface and near-by 
locations within our solar system.  The process of mining water from 
asteroids, the Moon or Mars will ensure that key elements are available at the 
spaceports of the future.  Water will ensure that human exploration will expand 
beyond low Earth orbit with the profit motive driving the exploitation of 
resources.   
 
The USA and Luxembourg have passed laws and made investments to 
encourage commercial space mining. The first companies are now 
working.  I recommend that the PRC do the same.   
 
Public-private partnerships will likely be the focus of President Elect 
Trump's space policy.  Trump has proposed a stronger manned space 
program that uses commercial rockets from SpaceX, Blue Origin and 
others.  There could be a return to the moon, possibly to mine fuel.  The 
future of some big government programs - SLS and Orion is uncertain.  
The key will be probably be more "bang for the buck " by commercial 
competition. 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Spurring Private Aerospace 
Competitiveness and Entrepreneurship 

Act of 2015 

Signed by President Barack Obama 
on 25 November 2015 explicitly allows  

“US citizens to engage in the 
commercial exploration and exploitation 
of 'space resources' [including ... water 
and minerals]."   

The Act further asserts that "the United 
States does not [(by this Act)] 
assert sovereignty or sovereign 
or exclusive rights or jurisdiction over, or 
the ownership of, any celestial body.49
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 Fri Jun 3, 2016 | 12:23pm EDT 

Luxembourg sets aside 200 million euros 
to fund space mining ventures 

Luxembourg on Friday upped its bid to be a leader in 
the nascent space mining industry by setting aside 

200 million euros ($223 million) to fund initiatives 
aimed at bringing back rare minerals from space. 

Luxembourg in February announced plans for a law 
that would make it the first state in Europe to give 

legal clarity to the commercial exploitation of 
asteroids. A similar law was passed by the United 

States in November. 

"We have a first budget to get started but if we need 
more money, we will be able to provide it," Etienne 
Schneider, Luxembourg's economy minister told a 

news conference.
56
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Recommendation 

Develop technologies, corporations 
and government relationships to 
support the following action plan. 

Phase One: Initiate the business 
infrastructure on Earth      2014-2020 
  
Phase Two:     Execute prototype flights 
to potential asteroids as well as testing 
hardware in LEO               2015-2022 
  
Phase Three:  Initiate mining operations 
with sale of product           2018-2029 

Expected Results:  Selling water at 
the Earth-Moon Lagrangian Point #1.   
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The participants In this 
IAA cosmic study 
acknowledge that this 
study is only a 
beginning.  A second 
IAA study on this 
subject has already 
begun.  The 
participants hope that 
their work will be of 
value to those that 
follow.

59



Let's talk about where 
we are now and where 

we are going.
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What are the facts? Again and 
again and again — what are the 

facts? Shun wishful thinking, 
ignore divine revelation, forget 
what “the stars foretell,” avoid 

opinion, care not what the 
neighbors think, never mind the 
unguessable “verdict of history” 
— what are the facts, and to how 
many decimal places? You pilot 
always into an unknown future; 

facts are your single clue. Get the 
facts! 

R. A. Heinlein  
Class of 192961
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“A Hundred Miles Up and You’re  Halfway to Anywhere!”

Robert A. Heinlein
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 Commercial space is the 
future of space. 

•

 NASA has invested about $5 billion over 10 
years to create new commercial space industry 
in the United States.  

• Europe and Japan are also actively 
encouraging the development of private 
space companies. 

• These national investments have already 
yielded real success at a cost of less 
than 10% of government programs.

72



73



74



EA02P065 www.excaliburalmaz.com
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NASA Funding Timeline
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This modest investment in commercial space 
industry has produced operational systems 

faster and cheaper than government 
programs.

•

 Falcon 9 and Dragon  
•

 Anteres and Cygnus
77
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It's hard to make 
predictions

Especially about the future 

https://www.youtube.com/watch?v=0qo78R_yYFA 
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LEO 
ISS 

Remote Sensing 
Commercial Station 

Communication 
Space Control 

Debris mitigation 
Science 

R&D 
Tourism 

Manufacturing 
Propellant Transfer 

Data Servers 

GEO 
Observation 

Communication 
Space Control 

Debris Mitigation 
Space Solar Power 

Repair Station 
Satellite Life extension 

Harvesting 

High Earth Orbit 
Science / Astronomy 
Communication Link 

Way Station 
Propellant Depots 

Repair Station 
Lunar Solar Power Sat 

Manufacturing 
Planetary Defense 

Lunar Surface 
Science/ Astronomy  

• Lunar  
• Observatory 

Human Outpost 
Tourism 

Mining 
• Oxygen/Water 
• Regolith 
• Rare Earth Elements 
• HE3 

Manufacturing 
Propellant Depots 

 LEO

 GEO

EML1 
∆V=1.90 

∆V=2.52 

 LLO

∆V=3.77 

∆V=0.65 

ETO ∆V=9.53 

∆V=1.40 

NEO 

∆V=0.50- 2.00 
∆V in (km/s) 

∆V=4.33 
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Investment in new space companies by members of the 
Forbes Billionaire list is becoming increasingly fashionable.  
The list of six space-investing Billionaires (as counted by 
Forbes) in 2011 [Messier, 2011] has grown to ten in 2013 
with a combined net worth of over $106 Billion Dollars as 
shown in the table below.  Compare that to the estimated 

2013 NASA budget of $17.8 Billion US Dollars.  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“If one can figure out how to effectively 
reuse rockets just like airplanes, the cost of 

access to space will be reduced by as 
much as a factor of a hundred.  A fully 
reusable vehicle has never been done 
before. That really is the fundamental 
breakthrough needed to revolutionize 

access to space.”

--Elon Musk 

https://www.youtube.com/watch?v=glEvogjdEVY 84

https://www.youtube.com/watch?v=glEvogjdEVY
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SpaceX 
Elon Musk

Total Star Wars 
fan…
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Blue Origin 
Jeff Bezos

Book Worm
87



Stratolaunch  
Systems 

Paul Allen

Programming Nerd 88



 

While not listed as billionaires (yet) by Forbes, the list 
of high net-worth individuals investing in space also 
includes Robert Bigelow (Bigelow Aerospace), Charles 
Simonyi (Planetary Resources), Richard Garriott 
(Visitor to ISS), Mark Shuttleworth (Visitor to ISS), 
Anousheh Ansari (X-Prize), Dennis Tito (Inspiration 
Mars), Bas Lansdorp (Mars One), Naveen Jain (Moon 
Express), Barney Pell (Moon Express), Tom Pickens 
(SpaceHab) and John Carmack (Armadillo 
Aerospace). The cumulative wealth of private space 
investors continues to grow.
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We would be wise to 
remember history; the 
last time we settled a 

new world. 
1421 -1520
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 Columbus was an entrepreneur seeking to 
find a way to Asia to by spices to sell to 
Europe.  He was not an explorer seeking 
new lands.  He thought he had been to 

Japan. 94
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"”That of all and every kind of merchandise, whether 
pearls, precious stones, gold, silver, spices, and other 
objects and merchandise whatsoever, of whatever kind, 
name and sort, which may be bought, bartered, 
discovered, acquired and obtained within the limits of 
the said Admiralty, Your Highnesses grant from now 
henceforth to the said Don Cristóbal [Christopher 
Columbus] ... the tenth part of the whole, after deducting 
all the expenses which may be incurred therein."

Business contact between the King of 
Spain and Columbus, April 17, 1492
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Following Columbus' discovery, Pope Alexander 
VI issued a May 4, 1493, papal bull granting 

official ownership of the New World to Ferdinand 
and Isabella. To these monarchs, the Pope 

declared: 

"We of our own motion, and not at The solicitation, 
do give, concede, and assign for ever to you and 
your successors, all the islands, and main lands, 

discovered; and which may hereafter, be 
discovered, towards the west and south; whether 

they be situated towards India, or towards any 
other part whatsoever, and give you absolute 

power in them." 97



The expedition made a profit.

18 members of the crew and one ship of the fleet returned 
to Spain in 1522, having circumnavigated the globe.

On March 22, 1518, King Charles approved 
Magellan's plan. Under the contract, Magellan and 

Faleiro, as joint captains-general, would receive 
one-twentieth of all profits and they and their heirs 

would gain the government of any lands discovered
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Summary 

Zheng He (1405 - 1433)  
48 to 317 ships 

28,000 crew 
Nonprofit government program. 

Columbus (1492)  
3 ships 
90 crew 

Commercial program. Success.  

Magellan (1521)  
5 ships 

265 crew 
Commercial program. Success. 99



 
The invention of aircraft 

 
1900 - 1903 

 
Became a trillion dollar world 

industry in one century 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Where are we now? 
& 

What could we do with 
space resources? 

What is possible?
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Any sufficiently advanced technology is 
indistinguishable from magic. 

 
Arthur C. Clarke 

 
One man's 'magic' is another man's engineering. 

'Supernatural' is a null word. 
 

Robert A. Heinlein
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Where do you want your grandchildren 
to be at the end of this century?

113



Why?
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‘Platinum’ asteroid potentially worth $5.4 
trillion to pass Earth on Sunday  

Published time: 18 Jul, 2015 11:21 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 An asteroid believed to be carrying up to 90 million tons of 
platinum in its core, as well as other rare and precious 

materials, is about to swoosh past our planet. The news has 
left developers of asteroid-mining technologies intrigued. 

The platinum-rich asteroid officially named 2011 UW158, is 452 
meters by 1,011 meters in size and will pass Earth at a 

distance of an estimated 2.4 million kilometers, according to 
the Goldstone Radar Observatory. It will be 30 times closer to 

Earth than the closest planet of the Solar system.
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Dimensions  217 × 94 × 81 km  
Mass  4.64 ± 0.02 × 10^15 mT
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The resources 
of our solar 
system are 
effectively 

infinite.  The 
mineral wealth 

of just 50 
asteroids would 
be enough to 

support a 
civilization  of 
more than10 

trillion people.
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–Johnny Appleseed

“Type a quote here.” 
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Thank you for your 
attention.  Please send 

me your questions.   
 

Art Dula 
art@dula.com
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