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Purpose of the study as approved by the Scientific 

Commission of the  International 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.



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



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



5 firms provided business road maps

Moon Express

Excalibur Exploration Limited

Deep Space Industries

Ad Astra Rocket Company

Shackleton Energy Corporation



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



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 sets out 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 examines 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 provides 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



Chapter 5 Quick Look at SMR Systems: This chapter analyzes 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 looks 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 analyzes

international treaties and policies around the world for operations in space. 

Chapter 8  Findings, Conclusions & Recommendations: This chapter consolidates 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.



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. 



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.



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.



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.  



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.



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 reaching 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. 



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.

Examples of technology development 

are given in the back up slides.



The participants 

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 who

follow.



Thank you for your attention. 

For more information please contact

Art Dula

art@dula.com

Copies of the hardbound or electronic 

editions of this study may be purchased at

www.heinleinbooks.com

mailto:art@dula.com




Back Up Slides
1. Technology development example: U.S. commercial innovation assisted by 

NASA: Trans Astro Corporation's research work on optically mining asteroids 

and solar thermal propulsion. 

2.  Technology development example: European private innovation:   Excalibur 

Exploration Limited's private ground and space research work for risk 

reduction for in situ processing of metal asteroid regolith for nickel.

3. Development Example: UK-Indian cooperative commercial research.  

Astrome Technology Pvt. Ltd. results on a patent pending reentry technology 

for safely landing large payloads on the Earth’s surface.

4.  The Heinlein Prize Trust's large scale economic context for the 

development of space resources. 



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



The Trans Astra Corporation has developed a new patent pending invention

called “optical mining” – a way to excavate and process asteroids using 

sunlight.  Space News called this invention "a possible game changer for space 

exploration." The ability to tap mega-amounts of water from asteroids could be 

used directly as propellant in solar thermal rockets to provide inexpensive space 

transportation." The ground research into this new concept is funded by 

private capital and government contracts from NASA and others.





























2014 SPACE EXPLORATION INTERNATIONAL CONFERENCE 

Examples of Asteroid SMR Technology 

identified for ground testing with ISU/university 

partners that could be flight tested on the 

Almaz ROSS laboratory 

37



2014 SPACE EXPLORATION INTERNATIONAL CONFERENCE 

Ground Demo: Meteorite Chemistry

38

The terrestrial meteorite 

inventory could help us to 

experimentally understand the 

influence of asteroid chemistry 

mineralogy and diversity on 

basic processing choices

Research Highlights
• Meteorite samples represent a random 

sampling of asteroid chemistry and 
mineralogy

• Design and development of chemical 
processes can leverage meteorite 
diversity to discern robustness and 
generality

Pic

Benefits and results
• Develops a heuristic for process 

applicability vs. asteroid class
• Demonstrates how generalized a 

specific process can be
• Could prove that a process will work for 

any class of asteroid



2014 SPACE EXPLORATION INTERNATIONAL CONFERENCE 

Ground Demo: Fragmentation 

39

Process efficiency is a function of surface 
area for mineral/gas interactions.  The 

fragmentation state of asteroid regolith is 
a key variable in predicting process 

reaction kinetics and warrants significant 
research focus.

Research Highlights

• Inputs and process

– meteorite samples

– crushing and grinding 

• Measure and modeling

– fragmentation state

– reaction rates and kinetics 

Pic

Benefits & Results

• Can measure the influence of surface area 
on reaction kinetics

• Highlights the advantage of rubble piles vs 
boulders

• Creates exploration targets for remote 
sensing spacecraft



2014 SPACE EXPLORATION INTERNATIONAL CONFERENCE 

Ground Demo: Meteorite Digestion

40

Carbon monoxide could be 
used to dissolve nickel, iron 

and cobalt from a wide variety 
of meteorites to discern 

process dynamics – but this 
needs to be verified in the lab

Research Highlights
• Digestion of asteroid nickel can be 

demonstrated on the ground using 
existing meteorite samples 

• Carbonyl process efficiency and reaction 
kinetics can be directly measured to show 
process robustness and generality

Pic

Benefits and results
• Develops a heuristic for process 

applicability vs. asteroid class

• Demonstrates how generalized the 
carbonyl process can be

• Could prove that the process will work 
for any class of asteroid



2014 SPACE EXPLORATION INTERNATIONAL CONFERENCE 

Ground Demo: Nickel Deposition

41

Solid materials (particles, thin films, 
shells or wires) can be deposited on a 

substrate by a gas phase reactive 
species – this is a process known as 

chemical vapor deposition

Research Highlights

• demonstrate nickel metal deposition as 
precursor gases travel over a heated 
substrate

Key process variables 

• temperature, partial pressure of 
precursor and byproduct gases 

Pic

Benefits and Results
• Demonstration of the Mond process for 

nickel deposition would raise the TRL of 
candidate asteroid processing technology

• This demo would be particularly useful if 
the precursor gas were derived from 
meteorite samples



2014 SPACE EXPLORATION INTERNATIONAL CONFERENCE 

Ground Demo: Forms & Substrates

42

The chemical vapor deposition 
(CVD) process converts a gas to solid 

phase across an interface called a 
substrate. This substrate can be any 

arbitrary shape.

Research Highlights

• develop and demonstrate CVD of nickel 
onto a substrate designed for and suitable 
for use in space

• extend demonstration of CVD to a form or 
shape that would have utility for a space 
application 

Pic

Benefits and Results

• CVD of thin or thick films of nickel could 
demo breakthroughs for in-space additive 
manufacturing

• Sourcing the nickel carbonyl gas from a 
meteorite would add to the value of the 
press release



2014 SPACE EXPLORATION INTERNATIONAL CONFERENCE 

Ground Demo: Sensing & Control

43

The path from laboratory to 
spacecraft instrument can be long 

and tortuous – a proper sensing and 
control strategy can maximize  

asteroid in-situ process effectiveness

Research Highlights

• determination and measurement of 
process control parameters

Key process variables 

• temperature, partial pressure vs. chemical 
species, dynamic state of gas and solid 
phases

Pic

Benefits and Results

• Autonomous control is critical given 
10min+ teleop delays

• Effective process control strategy starts 
with ground demos

• Dynamic process optimization could result 
from this research









Chevron Body

Maximum g-load for skipper re-entry is 2.5gs. The g-loads have been reduced by 71%



Chevron Body

97.5 % reduction in thermal loads





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 1929




















