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Recently, various types and styles of Public-Private Partnerships, Commercial, and 
Entrepreneurial models have been proposed and, in some cases realized, as a means to 
support Space Exploration. As we start to look towards the expansion of the global economic 
sphere to include the Moon, Near Earth Objects, and potentially Mars, the major question 
which arises from this premise is: What is the role of governments versus commercial 
industry and how can they contribute to each other’s success? There has been some work 
done attempting to establish economic models which would be compelling enough to existing 
industry that they would buy in to the concept. For exploration activities beyond Low Earth 
Orbit (LEO), however, it seems that the majority of the models use In-Situ Resource 
Utilization (ISRU) as a means of paying down the costs and establishing an economic basis.  
Publications by Dr. John Lewis (Mining the Sky) and Mark Sonter (Economic Feasibility of 
Mining the Near Earth Asteroids) to mention a few, proposed that the economic foundation 
of commercial ISRU can be established if there is an easily accessible consumer base. This is 
the Achilles heel for commercial In Situ Resource Utilization activities. The terrestrial 
mining industry is all too familiar with the concept of finding a spectacular gold deposit, 
only to leave it sitting for decades because the ore is either too difficult to access given the 
technology of the day, or the product is too difficult to get to market. Many examples of this 
can be found in virtually any mining company’s archives. In the sense of space exploration, 
for example, the cost analyses show that an entire mission could be paid off by the delivery 
of a few tons of a precious commodity to earth. This model collapses when one realizes that 
this act alone would plunge the price of the commodity so low as to negate any potential 
benefit to the mining mission. The question phrased above, then, could be reworded as 
follows: What is the role of governments vis-à-vis commercial industry and how can they 
complement each other in the establishment of anchor customers and the mitigation of Non-
Recurring Engineering costs. This paper proposes to examine this question and suggest some 
models from terrestrial mining which might be used as a guide for the way forward. 

I. Introduction 
 

In Situ Resource Utilization (ISRU) is intimately linked to the history of exploration. Since the dawn of human 
history, the expansion of settlements arose, at least in part, due to increased need for resources. When resources 
were insufficient, or additional specific resources were desired, people started to explore beyond their immediate 
vicinity, returning with the desired resource or relocating closer to these resources. In prehistoric times, this usually 
meant exploring to increase the food supply – in search of expanded hunting grounds, more fertile land for planting, 
or an improved water supply. As civilization developed, the resources driving exploration expanded to include 
physical resources such as minerals and trade goods. Early settlers to newly discovered lands brought with them 
only basic necessities, and learned to live off the land as much as possible until sufficient trade developed to enable 
manufacturing and specialization. 
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The exploration and development of Space will be no different. Given the current costs of launch and the initial 
challenges and costs of exploration and settlement, as many resources as possible will have to be located, developed, 
and used at the destination. ISRU has been identified as a critical element for sustainable human presence on the 
Moon, Mars, asteroids or other extra-terrestrial destinations. Of prime concern is the ability to generate life support 
materials, oxygen and water. Also crucial are resources for propellant, energy generation, construction and 
manufacturing. Many of these resources will be mined. Eventually excess mined resources could find their way back 
to terrestrial markets.  

Experience with terrestrial mining can suggest valuable economic models and structures that will prove helpful 
in the development of space mining. Canada’s world-class mining expertise and very profitable mining industry can 
provide ideas and models to consider for the development of a space-based or an extra-terrestrial (ET) mining 
industry. 

II. Mining Cycle Model for In Situ Resource Utilization (ISRU) 
 
In Situ Resource Utilization, when 

applied to planetary surfaces or sub 
surface regions, is essentially a mining 
activity. Typically, any mining activity 
consists of a set of discrete activities, by 
which a “Mining Cycle” can be defined. 
This cycle serves as a rough guide to 
assist planning the development of a 
resource extraction process. The typical 
mining cycle (Figure 1) consists of the 
following phases:  

1. Exploration 
2. Extraction 
3. Refining (processing) 
4. Product management, and            Figure 1 
5. Waste management 
 

Exploration is that phase of a mining activity wherein a search for a specific resource or family of resources is 
performed. This stage typically includes remote sensing, aerial or orbital, to identify indicators which could provide 
hints as to the location and quality of a family of resources. This rarely shows an indication of quantity of a specific 
resource. Exploration also includes close in sampling, usually drilling and core sampling. This stage provides a 
ground truth to the remote sensing, as well as improves overall confidence in the quality and quantity of the resource 
of interest. Space technology has greatly enhanced this stage with improved remote sensing due to increased satellite 
technology capable of detecting mineral signatures.  
 
The extraction process involves the mine development, including support infrastructure like roads and access 

ways, and the actual resource extraction and transport logistics. 
 
Refining is the stage at which the resource of interest is actively removed from the host material and could 

involve extensive beneficiation, such as crushing or floatation prior to smelting or otherwise winning the resource. 
 
Product management refers to the method by which the refined product is managed between the refining 

operation and the marketplace. It is primarily a logistics issue and could involve stockpile aging, market flooding or 
control, transportation, and long term storage. 
 
This typical Mining Cycle should be applied to help guide the development of space-based mining activities. 

When this cycle is applied however, some changes must be introduced to the cycle. (Figure 2) 



 
Figure 2 

 
Global Resource Identification is analogous to the early exploration stage, i.e. the remote sensing activities, 

while the later exploration stage of close-in sampling is defined in the ISRU cycle as Resource Exploration. Mining 
is the same in both cycles, but refining is separated into beneficiation (due to the consistent size and mass constraints 
required for space missions) and processing. Product Utilization and Waste Management are essentially analogous 
to their counterparts in the terrestrial mining cycle. 
 
The ISRU cycle, however, has some added features: Site Preparation and Maintenance. These are included as 

discrete activities to ensure they are considered during ISRU buildup. The implementation of ISRU requires a 
paradigm shift away from science and exploration and into production. This paradigm shift results in fundamental 
changes to the mobility chassis design drivers and the necessity to include mine site planning in the overall buildup. 
Thus the construction of roadways and the infrastructure to support maintenance must be considered in the planning. 
 
These differences in the cycle and the vast uniqueness of the space environment are not sufficient however to 

require the development of unique models of operation. There is much that practitioners of ISRU activities can learn 
from terrestrial mining activities and economic models. 

III. The Canadian Approach to Mining – A Model for Space? 
 
The primary economic model for mining in Canada (and globally) is essentially a free-market, commercial 

model enhanced by favorable government policy with a few distinctive aspects. These could provide an excellent 
framework for space mining. Mining (anywhere) can be a very high-risk proposition. Even with the best geological 
inferences, a venture may still end up with nothing. It is also a very capital-intensive industry, in both the 
exploration and the development stages. The capital required in the early years of space mining will be even greater 
than that needed for terrestrial mining.  
 
The Canadian governments (federal, provincial and territorial) enable and assist the mining sector through a 

number of measures and some investments or expenditures – all of which could be adapted easily for ISRU 
activities in space. 
 
Canada invests in geo-mapping and geological surveying for energy and minerals. This Geoscience information 

provides public availability of data, such as government maps and reports, which help mining exploration companies 



determine areas of interest for the Exploration Stage of the Mining Cycle. According to the Prospectors and 
Developers Association of Canada (PDAC), “although incremental increases in exploration expenditures are 
difficult to quantify, the widely quoted assertion that every $1 million of government investment to enhance the 
geoscience knowledge base will likely stimulate $5 million in private sector exploration expenditure is a reasonable 
estimate”. In terms of space resources, NASA is starting to provide this type of information through its Moon 
Mineralogy Mapper (M3) instrument which flew on Chandrayaan-1 and its Lunar Mapping and Modeling Project 
(LMMP) based on the data provided by its Lunar Reconnaissance Orbiter (LRO) spacecraft as well as prior data 
provided by Apollo, Lunar Orbiter, Lunar Prospector, Clementine and Kaguya missions. European, Chinese, 
Japanese, Russian and Indian missions also encompassed mapping as an integral part of their lunar orbiters.  
 
In Canada, federal and provincial tax incentives are often available to encourage exploration. Mineral 

exploration not only leads to the replacement of depleted resources but it also provides major benefits to society. In 
particular, it aids rural and remote communities with infrastructure development and with employment opportunities 
for their residents. Mining has been responsible for the founding and continued existence of many Northern 
communities. It could easily form the basis for communities on other worlds as well.  
 
To encourage investment in exploration and mining in Canada, the federal and some provincial and territorial 

governments offer tax incentives. In October 2000, the federal government introduced a 15% non-refundable tax 
credit. Initially called the Investment Tax Credit for Exploration (ITCE), it is now known as the Mineral Exploration 
Tax Credit (METC). This is in addition to the existing 100% deduction of eligible exploration expenditures. These 
“super” flow-through shares, as investors know them, have been used successfully in the past to help finance 
discoveries. In 2012, over $4 billion is expected to be spent on exploration in Canada, with flow-through financing 
contributing significantly to these expenditures. This financial incentive encourages investors to invest in 
exploration within the country, with the intention of replenishing mineral reserves that have been depleted by 
mining. Because the investment is 115% deductible against other income, it encourages investors to take risks they 
might otherwise not consider. 
 
Incentives used to promote investment in mining companies could easily be adaptable to space exploration and 

ISRU funding. The tax incentives of an exploration tax credit deductible against other income would make these 
types of high-risk investments more attractive to investors. In providing these credits, a government would 
encourage the development of their commercial space industries, resulting in job creation and the multiplier benefits 
these bring to their economy and society. For the space sector, an eight times multiplier of government investment to 
economic activity is often quoted. Jobs involving space exploration and ISRU activities need a highly educated labor 
force. Student enrolment, in both mining and aerospace engineering programs, has been declining in recent years. 
The exciting prospects of combining space exploration and extra-terrestrial mining could attract many young people 
to pursue these types of degrees if they perceive the future offers the potential to participate in these burgeoning 
industries. 
 
Canada’s leadership in Space has to date been primarily focused on satellite technology, research and robotic 

operations. With the end of the shuttle program, no vehicle is in immediate need of an updated Canadarm. With new 
commercial and emerging state players in the space arena, such as India, China, Turkey, Brazil and Iran, the 
question Canadians are asking is “What will be Canada’s next Space niche?” Adding mining, to existing research, 
science and robotics expertise could provide a strong niche. Canadian mining companies may become very excited 
at the prospects of working together with the Canadian Space Agency (CSA) to explore a new resource rich 
environment. According to Jean-Claude Piedbeouf (CSA's director of space exploration development), the space 
agency has already been working with the Canadian mining industry - initially to develop a drill for lunar mining. 
 
Private property rights are crucial to any mining endeavor and to its investors. It is essential that a mining 

company secure title for exploration and extraction to the property being explored. Canada’s mineral rights structure 
is perceived to be a world class system for enabling mining activity. 

IV. Canada’s Mining Claim Regime as the Paradigm  for Space Property Rights 
 
Property rights and the ownership of space resources have been subject to much discussion, debate and differing 

interpretations since the Outer Space Treaty was entered into force by the United Nations in 1967. In the “United 



Nations Treaties and the Principles on Outer Space”, much of the wording of the “Treaty on Principles Governing 
the Activities of States in the Exploration and Use of Outer Space, including the Moon and Other Celestial Bodies”, 
especially Article 11 – Paragraph 3 is far from favorable to investors or commercial mining activity. This paragraph 
states “3. Neither the surface nor the subsurface of the Moon, nor any part thereof or natural resources in place, 
shall become property of any State, international intergovernmental or non-governmental organization, national 
organization or non-governmental entity or of any natural person. The placement of personnel, space vehicles, 
equipment, facilities, stations and installations on or below the surface of the Moon, including structures connected 
with its surface or subsurface, shall not create a right of ownership over the surface or the subsurface of the Moon 
or any areas thereof. The foregoing provisions are without prejudice to the international regime referred to in 
paragraph 5 of this article.”  
 
This prohibition appears to include private entities. It seems no one can claim anything, not governments, 

corporations nor individuals. The International Institute of Space Law (IISL), after pointing this out later says: 
“Notwithstanding matters covered in the above Statement, the Board of Directors of the IISL recognises that other 
private activities on the Moon and other celestial bodies are permitted. Article VI of the Outer Space Treaty affirms 
that non-governmental entities, including private individuals, companies, and organizations, have the right to 
conduct activities in space in accordance with international space law, and subject to the authorization and 
continuing supervision of the appropriate State Party.” These statements and the apparent contradictions and lack of 
clarity make it very confusing to the layman and to potential investors. 
 
In Canada, much of the land mined is Crown (government) land and not privately owned. Mining claims are 

filed with the territorial governments. It is not always necessary to own the land itself as long as the mineral rights 
have been secured. The mineral rights are bought by independent companies and royalties are paid. To secure 
mineral rights on Crown land, certain conditions must be met. Prospectors must be licensed. Open land must be 
staked, mapped and tagged with claim corner and line tags and this must be completed as a continuous action. The 
claim must be registered. Work must be performed within a specified time period, improvements made and a 
continuous presence established or the claim is subject to forfeiture. (In addition, of course, there are numerous other 
rules and regulations to be followed and licenses to be purchased.) Royalties accrue to the Crown. In 2008, over $11 
billion in royalties were collected by Canadian governments at various levels. Mineral rights on privately owned 
property can also be licensed to others by individual property owners. 
 
Until the actual ownership of land on celestial bodies becomes clear and uncontested, a mineral rights regime 

could be an attractive model to consider. Governments may also want to decide to opt out of the Outer Space Treaty 
in favor of developing a land and property right regime for space more consistent with those existent in free market 
economies. 
 

V. Public or Private? For Profit or Not? 

The model for space exploration has until recently been exclusively a government funded or public enterprise. 
Governments have extensively engaged the private sector as paid contractors, usually on a cost-plus basis. This is 
changing and more strictly private, for-profit space ventures have been and are being formed as well as a number of 
public-private partnerships.  

In the context of Space, “private” or “commercial” in the strictest sense is best defined in Robert Bigelow’s 
open letter to NASA Administrator Charles Bolden “First, “commercial” initiatives are allowed to fail. Per the 
COTS structure, if a commercial project’s budget skyrockets, or if key technical milestones are abrogated, the 
initiative is shut down (this is why Kistler’s removal from the COTS program was actually a triumph in good 
government contracting). Also integral to this concept is the requirement of firm, fixed pricing. Again, the COTS 
program serves as an excellent example of this strategy, since it utilizes a firm, fixed amount of government funding 
tied to achieving specific milestones. In the end, “commercial” space is less about who is doing the work than the 
means of procurement. When NASA needs to send some international space station hardware or documents quickly 
overseas, it doesn’t build a boat, you use Federal Express or some other commercial carrier. NASA simply buys a 
service, at a fixed price, and steps away. By funding a commercial crew program that follows this COTS model, you 
can make the commercial purchase of space transportation a reality, freeing NASA forever from the shackles of low 
Earth orbit (LEO.) While the term commercial is independent of size, entrepreneurial tends to mean a smaller or 



startup enterprise. Many significant space companies are not perceived as commercial or entrepreneurial as they 
perform services for NASA (or other governments and space agencies) on a strictly cost-plus basis and seldom 
invest in technologies outside of these contracts. (There are a number of very entrepreneurial focused employees 
within these organizations however.)  

Public-Private Partnerships (PPPs) can be structured in a number of different ways. The government may 
become an investor in the private company, and take an equity ownership stake. It may provide performance 
incentive programs such as the Commercial Orbital Transportation Services (COTS mentioned above in Bigelow’s 
letter) program developed by NASA. It could act as an anchor tenant for a future lunar base or orbital station. It 
could become an anchor customer for ISRU propellant, water and oxygen purchases. The government could help 
enable the industry though low or zero-rate loans, loan guarantees, grants and/or subsidies. It could provide tax 
incentives, in the form of tax credits as mentioned earlier, a Zero G/Zero tax policy or tax holiday.  

Mining companies terrestrially are private enterprises and operate on a for-profit basis. Government has helped 
the industry through enabling measures as above and through access, infrastructure development, data and research 
expenditures. Infrastructure spending would be especially valuable and enabling for commercial space projects as 
well. 

VI. For Use or For Sale?  

In Situ Resource Utilization is often described as the space version of “living off the land” on Earth. When we 
go to Space to stay, we must be able to eventually live off that alien land until regular trade is established or any 
attempt at settlement will fail. ISRU is essential. Space Mining involves more than one scenario however. It 
encompasses ISRU. This primarily enables more complex and extended missions. It reduces long term costs. 
Companies doing ISRU activity may make a profit by doing this but may be limited in the price they can charge 
their customer (particularly if it is a government or space agency).  

Mining activity may not be exclusively or even primarily for ISRU purposes however. The other scenario is the 
terrestrial mining approach, a strictly for profit model – the “Trillion Dollar Asteroid” scenario. Or it may involve a 
combination of local/ISRU use and export. Why one is mining, and what one is mining for, affects the economic 
model chosen for the venture. If the resources are being used where mined, and the venture is at an early stage of 
exploration, the return on investment may be limited and a Public-Private Partnership may be the most appropriate 
model to consider. The government role would be to enable the necessary R&D and to become the initial customer. 

By applying the term ISRU to all potential space mining activities, it is confusing to investors and mining 
companies who may be interested in the potentially enormous terrestrial markets and have no desire to provide life 
support supplies to a Lunar or Martian base or settlement, or to provide propellant to space-faring rocket companies. 
There needs to be a distinction. “Space Mining” is insufficient. Perhaps Commercial Extra-Terrestrial Mining 
(CETM) or Profit Oriented Space Mining (POSM) might be more appropriate terms?  

At present, a new company has just been announced whose goal is to mine asteroids. Potential markets 
mentioned by Planetary Resources include ISRU in the form of propellant initially and eventually platinum group 
metals for markets on Earth – again the “trillion dollar” asteroid scenario. Rarely mentioned when calculations of 
value are expressed are the economic laws of supply and demand. If a large new supply of a commodity or good 
comes onto the market, without simultaneously increasing demand, the market price of the commodity will fall. 
Significantly. Lower prices however can enable innovative uses of a resource resulting in new sources of demand.  

The Planetary Resources announcement (due in part to its famous and very wealthy financial backers) has 
turned an esoteric topic – space mining – from obscure (or important only to science fiction fans), into a mainstream 
media story. Other private companies proposing mining activities include Shackleton Energy and Moon Express 
who are both focused primarily on the Moon. Shackleton is focused on lunar ice mining for use in propellant while 
Moon Express discusses valuable lunar metals and minerals. 



In addition to these private endeavors, a new public-private enterprise is in the process of starting up to operate 
a lunar analog research park in Hawaii with the ultimate goal of providing similar services on the surface of the 
Moon itself. 

VII. The Mining Ecosystem – A Model for ET Mining? 

Most of the companies expressing interest in space mining thus far are small startups and there is much 
skepticism surrounding their ability to accomplish their goals. It is valuable to consider the Canadian mining 
ecosystem. In 2009, Junior companies (small companies) spent 85% of the total Canadian exploration expenditures 
with the senior producers at only 15%. These junior exploration companies benefit substantially from the 
availability of funding enabled by the tax credits mentioned earlier. Their investors are prepared to take the risks of 
exploration for the potentially large payoff is the exploration is successful. Senior mining companies often do 
minimal exploration, preferring instead to buy up the successful juniors at the extraction stage and beyond. 

VIII. Space Mining – A Potential Paradigm for a Cleaner Earth. 

Environmental concerns are rising on Earth. Mining companies spend a greater percentage of their exploration 
and especially development budgets on waste management and remediation. Concerns over air and water quality, 
fish, and other wildlife prevent projects from getting the green light to go ahead. There is no air or water quality to 
be concerned about in space. While some argue to keep the space environment pristine, is it not preferable to keep 
the Earth environment that way – where all known species live, versus where none do? At some point, this may 
become the key driver for Space Mining. It may become so difficult or even impossible to mine on Earth for 
environmental reasons, that Space may become the place where all mining, refining and manufacturing activities 
take place. 

IX. Conclusion 

The question addressed in the abstract of this paper, “What is the role of governments vis-à-vis commercial 
industry and how can they complement each other in the establishment of anchor customers and the mitigation of 
Non-Recurring Engineering costs?” is critical to the understanding of the way forward for space mining activities. It 
is an imperative for governments around the globe to converge on issues related to this nascent industry and enable 
its further development by integrating private sector activities into government space activities. Support for R&D 
activities aids in the technology development stage. Acting as an anchor customer provides a market that banks 
could consider as collateral worth lending against. Tax incentives such as flow-through shares are one example of 
financial incentives attracting investors to invest to develop a robust space mining ecosystem. A mineral rights claim 
procedure (or opting out of the OST) ensures the property rights of those taking enormous risks in a hostile and 
hazardous environment so they can earn a return on their investment. 

The benefits to humanity of the resources in space may even include its long term survival at some point. 
Scarcity and declining natural resources on Earth may need to be augmented. Or more drastically, it may be because 
becoming a multi-planet, and eventually a multi-solar system species is the only way to ensure the survival of 
humanity and other terrestrial species in the case of an asteroid strike on Earth like the dinosaur extinction event of 
65 million years ago or other disaster. Without ISRU and space mining, survival will not be assured. 
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