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Abstract

ABSTRACT
This report addresses the topic of international and public/private mission collaboration from a 3I
(Intercultural, International, Interdisciplinary) viewpoint. The motivation for this study is derived from
a renewed interest through missions from NASA, ESA, Roscosmos, JAXA, ISRO and CASC with recent
talks on permanent human and robotic presence on the Moon. Additional incentive stems from both
commercial and legal channels, especially recent developments in new space companies for mining,
US Commercial Space Launch Competitiveness Act of 2015 and the willingness of the Luxembourg
government for a regulatory framework on future ownership of minerals extracted in space.
A framework has been developed in the report to assess space missions from a combined policy,
technological and industry perspective. The framework comprises of eight key components in
governmental policies, economics, scientific and outreach rationales, stakeholders and funding, TRL
levels, science and business objectives, and risks. Complementary rationales and opportunities have
been analyzed and new collaboration/partnership structures are proposed. Various elements of this
framework have been elaborated in the report in legal feasibility, science objectives, technology
assessments and outreach strategies to provide an in-depth look for a deep drilling lunar mission
study.
The legal feasibility study puts together a set of potential Legal regimes for the Moon and analyses on
how the future legal frameworks would impact various drivers. Possible ethical problems of the
mission scenario, particularly space debris and planetary protection are analyzed. The scientific
objectives focus on maximizing the value of science for a deep drilling lunar mission, discussing various
Moon related physical characteristics, minerals, topography, formation hypothesis, and finally
prescribe a Region of Interest. The technology assessment focusses on existing technologies, mission
concepts and architectures, using trade-off studies to identify options for critical sub-systems.
Communication strategies and messages for key audiences are identified with a focus on effective
outreach for a space agenda with implementation through classical media, internet, scientific and
political methods.
Overall this report introduces a foundation to evaluate international space missions through
collaboration structures, discussing each element and integrating them for a holistic assessment.
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the final stages of preparation. Prior to these activities, though, the Moon has not received a large
amount of attention in the past forty-four years. The intent of this project is to consider the impact
of advances in technology and impact of a changed social/political/economic landscape on carrying
out a future lunar mission.
The project was carried out over the past six months by twenty MSS16 students from twelve different
countries. The team have identified the current scientific, political, economic and cultural motivations
for new missions to the Moon. They have considered the technical and economic feasibilities and
identified required advancements and solutions needed to enable these missions. In developing the
main findings presented in this report, team Luna-Hathor have consistently demonstrated a
professional and disciplined approach. They have engaged with the 3I approach of ISU to prepare a
feasibility study of potential robotic exploration missions to the Moon. On behalf of the ISU faculty, I
am happy to commend both the students and the Luna-Hathor final report to you.

Dr. Barnaby Osborne

International Space University

v

MSS 2016

Luna Hathor

Authors Preface

AUTHORS PREFACE

“We leave as we came and, God willing, as we shall return: with peace and hope
for all mankind.”
Eugene Cernan, Apollo 17

The last words spoken on the surface of the Moon by a human being still resonate today as an
injunction, a promise, an invitation and a challenge never accepted.
We, the students of the International Space University’s MSS16, have been willing to accept this
challenge. We live in a world where the future of space exploration remains unclear and filled with
uncertainties. Our work aims at creating a framework which takes into account the current trends in
the political, legal and commercial landscape with the latest technological innovation and scientific
interest to devise the way international space programs are planned in the future. Our answer is an
ambitious drilling mission to the Moon, which could serve as the first step toward further human
exploration of our satellite.
All Luna Hathor team members have dedicated a great amount of time and effort to this endeavor.
Our different fields of expertise, our different takes on the problems at hand, have enriched our
individual perspective more than words can describe. Along the way, we have been able to use the
intercultural, interdisciplinary, and international environment provided by ISU to achieve our
objectives. After having worked intensely on this project, we can truly say that we function as a team.
We worked around the clock to bring this report to completion, learning valuable lessons along the
way. We discovered that such a big team could be at the same time challenging and rewarding. We
learned that the differences in culture were not a weakness but a strength. We kept our minds open
to new ideas, which ultimately proved beneficial to create the report you are holding in your hands.
The challenges were many, but one in particular hit us with all the violence of its suddenness and
cruelty: the death of our estimate and beloved professor Nikolai Tolyarenko in December 2015. He
was a supporter of our project, and we wish to dedicate this report to his memory. Professor
Tolyarenko was an incredible mentor, a professor, and a friend. He always challenged the status-quo,
and we tried to follow his example in our daily work.
We wish to thank all the other people without whom this report would not exist, in particular,
Professor Barnaby Osborne, our project adviser who always helped us with passion and devotion. The
rest of the resident faculty were very involved in feeding us with insights and helpful commentary at
critical points, and we wish to thank their dedication to our project.
We hope you will take as much pleasure reading our work as we took creating it.
The Luna Hathor Team
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Introduction

1. INTRODUCTION
Luna Hathor is a project to study international collaboration structures in the context of a lunar deep
drilling mission. The term Luna Hathor is coined from Luna, the divine embodiment of the moon and
Hathor, the Egyptian goddess of foreign lands and mining.
The interest in extra-terrestrial resources and lunar exploration has spiked in the recent years, both
on a Space Agency level and commercially. The Commercial Space Launch Competitiveness Act of
2015, signed by US president Barack Obama, and the announcement by the government of
Luxembourg about its intention to develop “a legal and regulatory framework confirming certainty
about the future ownership of minerals extracted in space from Near Earth Objects (NEO’s) such as
asteroids” (Luxembourg Government , 2016) indicate increased level of attention to support
mechanisms to facilitate extraterrestrial resources mining or long duration space missions.
Companies such as Deep Space Industries and Planetary Resources are planning to develop and test
asteroid mining technology in a series of test missions. The next few years will also see the launch of
several moon missions including another Chinese Chang’e mission, two Russian Luna missions, ESA’s
Lunar Lander and a second Indian lander, Chandrayaan-2. Also notwithstanding are the private
missions to Moon, such as Moon Express, Lunar Mission One, and the Google Lunar X Prize teams.
The motivation in the project stems from the necessity of promotion of International collaboration
between different nations and private entities while obtaining valuable scientific and technical
knowledge to further push the future frontiers of humankind. The structure of the report and
introduction of frameworks allow the reader to gain a comprehensive and multifaceted knowledge
of the aspects associated with the mission and reassert the focus on developing global cooperation
initiatives between spacefaring nations for frequent lunar missions, for conducting research in lunar
science and increase participation though effective public outreach.

1.1 Mission Statement and Objectives
Luna Hathor will develop a framework for future international space mission collaborations and
assess the scientific and technological aspects of a deep drilling mission to the Moon.

The objectives of Luna Hathor can be divided between the primary goals, covered in Chapter 2 and
the Implementation of the developed framework analyzed in Chapters 3-6.

Primary Goals




Analyze the basic drivers, complementary rationales, and opportunities for an international
mission collaboration executed by a multitude of public and private stakeholders
Investigate how government policies, scientific and economic rationales, technological
feasibility, funding, business objectives and risks interact with each other in a space mission.
Develop a framework to analyze collaborative space missions under medium and high cost
scenarios.
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Implementation Strategy


Study the feasibility of a lunar deep drilling mission as a basis for international collaboration.



Investigate the possible scientific outcomes of such a mission.



Assess the engineering feasibility of a mission designed to:
o Achieve a soft landing on the surface of the Moon, with supporting communication
and ground systems.
o Drill and extract samples from at least 20 m below the surface and deliver the
information.



Provide a framework of assessing legal feasibility of such mission along with the long-term
drivers and motivators.



Identify communication strategies for effective public outreach

Luna Hathor aims to study the feasibility to conduct deep drilling sample/data return lunar mission.
The focus of this feasibility study is divided into five essential areas including policy and industry, legal
feasibility and ethics, scientific rationale, engineering feasibility, and outreach. The primary driver of
this mission is not the scientific rationale associated with conducting deep drilling mission on the lunar
surface, but the economic and technical goals defined by the mission. The technical goals of the
mission were predetermined for this project and the goals further defined mission’s baseline
engineering objectives and goals. The team has identified following primary goals for the project,
followed by the implementation strategy required to achieve these goals.
The five areas of focus aim to extensively cover a large range of capabilities required to conduct such
a mission. The mission objectives specific to each of the identified areas are summarized as follows:

Policy, Economics, and Industry Objectives


Define and analyze impact of scenarios on engineering, business, and political aspects.



Identify the stakeholders and beneficiaries of the mission.



Identify and analyze trends and directions of individual countries’ space policy.



Define a framework methodology to assess the competitive and cooperative nature of the
mission.



Identify potential funding sources, and define potential cost scenarios.

Legal and Ethical Objectives


Explore the current legal boundaries for drilling on the Moon, regarding resource exploitation,
exploration, and property rights.



Determine long-term drivers and motivation for the legality associated with lunar drilling
mission.



Define potential future scenarios in order to identify the legal framework for the Moon.



Assess the potential ethical hazards of this mission and determine methods to minimize its
effects.
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Scientific Objectives


Identify gaps in the current state of Moon’s interior, geology and theories related to the
formation of the Moon.



Identify potential Regions of Interest (RoI) and scientific objectives associated with conducting
exploration in those regions.



Study the variety, age, distribution, and origin of lunar rocks.



Determine the vertical extent and structure of the mega-regolith.

Engineering Objectives


Analyze and determine methods to conduct soft landing on the Moon with supporting
communication and ground systems



Study techniques to deploy a drilling system and drill below 20 m on the lunar surface.



Determine the technology and techniques required to recover samples from the interior of
the Moon.



Determine techniques to conduct in situ sample analysis and/or return lunar samples back to
Earth.

Outreach Objectives


Determine the key audiences and message for the mission.



Develop outreach and education strategies to motivate and engage a wide range of audiences.



Develop communication strategies for various platforms, such as media, internet, scientific
community, and the politicians and decision-makers.

1.2 Approach
Given the multifaceted and complex nature of international space mission collaboration, this report
follows a proprietary 3I (International, Intercultural, Interdisciplinary) approach.
Initially a framework methodology is proposed in Chapter 2 to assess rationales from a combined
policy, economics and public/private industry perspective. The framework comprises of eight key
components in Governmental policies, economics, scientific and outreach rationales, stakeholders
and funding, TRL levels, science & business objectives and risks (space ventures), and brings out the
interaction of the various elements through Complementary rationales and Opportunities,
consequently proposing new collaboration/partnership structures. Various collaboration and
partnership opportunities are then analyzed in this context. Specifically, a mission case for “Validating
the drill technology used for drilling on celestial bodies (Moon, Mars, asteroids)” is analyzed using the
developed framework and collaborations are defined.
Lunar drilling introduces a whole host of topics of legal nature that are important to consider and
discussed in Chapter 3. There are significant gaps in literature concerning the long term aspects of
exploration, exploitation, property rights, and sovereignty within a variety of proposed and potential
International Space University
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future legal regimes for celestial bodies. In order to evaluate future risks and opportunities for a lunar
drilling mission these gaps need to be investigated. The cumulative analysis is applied to missionspecific scenarios to determine their legality at the current regime and impact of potential future legal
regimes.
Such a mission raises a number of ethical questions as well. These are explored from mission-specific
and long-term lunar drilling mission drivers and motivators. The questions of space debris and
planetary protection are analyzed with significant input from space ethics expert Jacques Arnould.
The scientific objectives of the mission are an added value to a mission, which is driven by a focus on
international collaboration and technology. The value of the science obtained through deep drilling is
maximized through the analysis and selection of regions of interest and concentrates on the scientific
relevance of sub-surface characteristics and minerals, topography, formation hypothesis, and
atmosphere, discussed in Chapter 4.
The technology assessment for a lunar deep drilling mission focuses on existing technologies and
concepts. The chapter first identifies the mission objectives and constraints, then trade-off studies are
conducted to identify options for critical sub-systems and the feasibility of such a mission. This report
presents alternative mission concepts with available options for drilling systems, landing systems,
communication systems, and ground segment with recommendations for future implementation. A
typical SMAD analysis for requirements and constraints is performed, and assessments on parameters
like reliability, cost, mission duration, quality of data and mobility are given. A concerted trade-off
study and sub-system level analysis on drilling systems and lander systems is performed, along with a
trade-off study on communication systems and ground systems.
Finally a communication strategy for outreach is proposed which identifies key audiences in the
general public along with the scientific and political communities. Key messages are detailed with a
focus on effective outreach for a space agenda, it classifies audience into generations and their
interactions with space projects historically, and suggests an implementation strategy of outreach
through classical media, internet, scientific and political methods.
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2. POLICY, ECONOMICS, AND INDUSTRY
In this section, the team proposes a framework methodology to assess rationales from a combined
policy, economics and public/private industry perspective for a space mission with mission scenario
towards a lunar based deep drilling mission. Various collaboration and partnership opportunities in
the context of space missions and mission specific deep drilling mission are analyzed.
Given the multifaceted nature of the problem, the depth of the section, and the 3I nature of the
project, we had to choose a method that would exemplify every field in policy, economics, business,
management, law, and cooperation with influence from the scientific objectives, the technological
capability, and the public outreach point of view, simultaneously demonstrating the combined pros
and cons of those fields in a typical space mission. Thus a method is developed in this report to analyze
the problem, which will be explained in 2.1.
Overall, this chapter defines the framework methodology, gives the appropriate reasoning, and then
describes in detail the eight elements used in two basic frameworks in Section 2.2 In Section 2.3,
collaboration structures are produced for two cost scenarios for a minimum 1,000 kg landing mass
payload on Moon, and various rationales and opportunity elements pertaining to it are discussed. In
Section 2.4, a scenario mission case for “Validating the drill technology used for drilling on celestial
bodies (Moon, Mars, asteroids)” is analyzed using the developed framework and collaborations are
defined. Section 2.5 provides an overall risk analysis for the Luna Hathor objectives and specific
mission scenario, Section 2.7 entails the summary of the section with limitations from the framework
methodology, and finally Section 2.8 provides recommendations for future work.

2.1 Framework Methodology and Reasoning
As explained in the introduction, the multifaceted 3I nature of the problem, demands a methodology
which can analyze the cooperative and competitive environment around a space mission and its
stakeholders. Due to a lack of existing frameworks pertaining to analyze space missions, a framework
was designed from PEST (Political, Economic, Social, and Technological) environment analysis and
Internal Firm Capability Analysis involving both public and private stakeholders. The first, Framework
1, is a Complementary Rationales Framework which gives a decision level perspective and entails the
rationales and willingness of a stakeholder to pursue a space mission and is detailed in Figure 2-1.

Figure 2-1: Complementary Rationales framework
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The second is an Opportunities Framework which gives an implementation level perspective and
entails the ability of the public or private stakeholders to pursue a space mission. Framework 2 is
shown in Figure 2 below.

Figure 2-2: Opportunities framework

Both the Complementary and Opportunities frameworks give rise to Collaboration Structures (as
shown in Figure 3) for a particular space mission and a mission baseline and thus provides all the
necessary drivers for creating a mission baseline.

Figure 2-3: Collaboration Structures process of combining Complementary Rationales and
Opportunities

In each of the frameworks, there are four elements defined which are detailed in the further sections
and form building blocks to collaboration structures to analyze a mission scenario. This specific
framework methodology can be applied to various space missions by changing a few elements, and
thus space missions can be compared. A sample mission case scenario is presented an analyzed in the
results section 2.5. Recommendations on the scope of the framework have also been provided at the
end of the chapter.

2.2 Framework 1: Complementary Rationales
The initial Framework 1 is focused on rationales and sets up the analysis for complementarity. It is
summarized in Figure 2-4 and its contents will be recurring through this section and the greater report.
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Figure 2-4: The four sub-components for the Complementary Rationales framework

The four areas mentioned in Table 1 form the basis of Framework 1, from which complementary
rationales (and conflicting ones) will be identified for a particular space mission.
A) Political and Security Rationales form the basis of most of the space missions and defense
architecture around the world today. It is then important to consider the drivers from these
rationales. Almost all of the funding for science missions comes from the government sector.
B) Science and Technology Rationales form the core of both scientists and public aspirations,
which manifest in the form of long and futuristic space missions. Thus with a lunar based deep
drilling mission in mind, these rationales form the fundamental basis for high-cost, low TRL
space missions
C) Economic Rationales: Considering the globalization factor, international collaboration (ESA
policy or US-Russia), and the rising cost of space missions in an era of slowing economic
growth, these rationales form the back bone for increased space budgets. Although very long
term, they often manifest in terms of economic externalities through value addition in public
motivation and technology spinoffs
D) Public Participation and Outreach Rationales dictate the amount of motivation and tax
payer’s spending limit that is available with a comparative democratic government, and what
kind of future inspirations bring both political and scientific will in the nation.
The detailed reasoning for choosing the four areas and each of the elements are given in the subsections below. The reasoning for the individual elements is done keeping the deep drilling lunar
mission in perspective.
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2.2.1 Reasoning for Elements in Framework 1: Political and Security Rationales
A1 Historical Precedents for Modern Policy
Most policies and laws concerning exploration and exploitation of Space and celestial bodies, including
the Moon, were created during the Cold War era, as a consequence of the space race between the US
and the USSR with the two main world powers trying to prove technological superiority and gain
prestige according to Wang (2012, p. 42), Launius (2002), and Handberg (2002).
Post-Cold War, as the political motivation for space exploration receded, policy makers in the West
started shifting efforts from public and government-led activities to general commercialization and
enablement of private companies (Johnson, 2002), driving an on-going discussion on the ethics of offEarth commerce (Livingston, 2002). Private activities related to the Moon include Google Lunar XPrize,
various crowdfunded initiatives, and small private ventures. In parallel, previously emerging space
nations such as China, India, Japan, and others have started catching up and focusing efforts on lunar
exploration, possibly igniting a new Moon race. Thus today a nation’s space policy is in part a
consequence of the precedents and recent market changes (past 10 years).
A2 National Space Policies Perspective (US, Europe, Russia, China, Japan, India)
1. United States:
After the initial push related to Apollo and largely driven by propaganda goals during the Cold War,
lunar exploration became less of a priority (Sadeh, 2002). As the new global dynamics started
developing in the 1990s, the US shifted focus to Mars. Initially, the Moon was seen as a stepping stone
and core part of NASA’s program and was essential to the Constellation Program of 2005 to 2010
(Stine, 2008), (Behrens, 2008). Cooperation with Europe and ESA was a key component of the policies.
However, in the early 2010s, as various political cycles converged, the Mars program re-focused
interim asteroid missions, as the Moon was seen as a distraction and a different technological
challenge with less synergy as before.
Another policy-related aspect affecting the US governmental involvement in Moon space activities is
the intentional withdrawal of NASA and other state programs from certain areas following the
legislative push for encouraging commercial and private space (Johnson, 2002). Although non-state
actors are currently limited in their capability of Moon-related exploration and exploitation, the idea
is to back them for the future, with already planned private missions. NASA has also continued to send
scientific exploration mission to and around the Moon such as LCROSS, GRAIL A and B, and LADEE, and
plans additional ones in the near future (NASA, 2015).
2. Europe:
Although ESA has established links with the EU (Nardon, 2011), and is becoming the de facto space
agency of the broader Europe, there is still a number of space agencies, programs, and policies at the
national level. Europe’s policies are often about creating the European identity (C. & Baranes, 2013),
with the Moon effort being a potential project of scale that can serve that purpose.
Largely shielded from political cycles, ESA, unlike NASA, has more freedom to pursue longer-term
programs without frequent policy changes. Although both ESA and national European agencies lack in
resources and technology, often cooperating with the US on projects of significant scale and struggling
between autonomy and dependence (Wang, 2012). This includes Moon-related programs such as the
International Space Station (ISS) stepping stone, and Moon exploration in the context of a Mars
mission.
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3. Russia:
The USSR had a significant interest in the Moon during the Cold War, with many successful robotic
missions, including the Lunokhod series. With the decline of the USSR and the weak economy of Russia
during the 1990s, Russian focus in space was more inclined towards cooperation and maintenance of
activities. In the early 2000s, there was a renewed interest and funding in its Federal Space Agency,
Roscosmos (Harvey, 2001). Renewing the Moon program is reliant on development of a heavy
launcher Angara by 2020. The program aims to send sophisticated robots to collect Moon samples, a
crewed lunar landing, and building a permanent crewed Moon base, with a potential space station in
lunar orbit by 2030. The new cosmodrome being built on Russian territory, Vostochnyi (Space.com,
2012), is also to further enable these efforts (Zolfagharifard & Gray, 2015).
Besides the planned Luna 27 mission (Zolfagharifard & Gray, 2015) and heavy launcher capability,
there is little evidence of actual funding and firm policy beyond the proposals and conceptual plans.
There is also conflicting information on whether Russia plans to build a base on the Moon alone or in
cooperation with Europe.
4. China:
China’s booming economy has allowed it to increase spending on the space program and become the
third nation to independently launch humans in space. Its ambitions for a comprehensive space
program are continuously realized (Al-Rodhan, 2012, pp. 127-141). In its Roadmap 2050, the Academy
of Sciences of China indicates their intent to be the leading space nation and have a base on the Moon
(Harvey, 2013). In a white paper of Chinese space activities 2011, China states that it will work together
with the international communities to explore outer space for peaceful purposes, and will endeavor
to promote world peace and development (The State Council Information Office of the People's
Republic of China, 2011).
Moon exploration and activities are a main objective of the program, with the Chang’e set of missions
being stated as the Chinese response to the mini Asian Moon space race. A set of follow-up missions
are planned, including orbiters, lunar rovers, and a sample return mission (Harvey, 2013, pp. 326-328).
Beyond these missions, China is dedicating many resources to a heavy launcher, the Long March 5,
intended for lunar missions, including crewed ones (Harvey, 2013, pp. 366-368). Academic circles have
discussed potential Moon base options and goals as well (Harvey, 2013, pp. 370-371).
5. Japan:
Japan has had a retained interest in Moon exploration since the 1990s, with several lunar probes
planned and an orbiter (Harvey, 2000). The country’s main policy tool is he Japanese Aerospace
Exploration Agency (JAXA), which was formed after the merger of several more focused organizations,
indicating the country’s interest in developing a full-fledged space program. In 2012, new legislation
extended JAXA's remit from peaceful purposes to include some military space development, such as
missile early warning systems (Kallender-Umezu, 2012). JAXA states intent on launching lunar landers,
developing human lunar system in the long term, and building a Moon base in its Visions 2025
document (Harvey, et al., 2009, pp. 37-140). In terms of cooperation, Japan is open to and participating
in collaboration with Western states, primarily related to ISS and ESA, but has political constraints
when it comes to partnering with China (Nardon, 2011, pp. 71-72).
6. India:
India is one of the few countries that could claim self-sufficiency in space operations, which it conducts
primarily through ISRO. It is spending an estimated US $83 million on the Moon program Chandrayaan
as its main scientific program (Nardon, 2011, pp. 72-74). Its first mission was successful and included
an impactor component. A second one is a soft landing of a rover, planned for 2017 (Thakur, 2015),
and a third mission would consist of a lunar sample return (Harvey, et al., 2009)
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7. Others:
Other countries considered moderate space powers are South Korea, Brazil, Australia, and Canada.
They often participate in space activities in partnerships, and do not necessarily have individual Moon
efforts, but could be potential contributors in various capacities (Huntley, 2011, pp. 77-103).
A3 Friendly Collaboration
1. Europe and China
China and European Space Agency have signed the "Status Quo of China-Europe Space Cooperation
and the Cooperation Plan Protocol". In the field of Moon exploration, ESA and China cooperated on
the Chang’e projects with the European Space Operations Centre (ESOC) support during Chang’e-3
landing (CNSA, 2016). Marco Aliberti in his book “When China Goes to the Moon” (Aliberti, 2015)
points out that contrary to the US, ESA are more interested in cooperative space projects, than being
afraid of reinforcing a competitor, or facilitating sensitive technology transfer. A Chinese-European
project on ‘Discovering the Sky at the Longest Wavelengths’ (DSL), a collaboration between ESA and
the Chinese Academy of Sciences (CAS) using satellite array to detect radio signals on the far side of
the Moon by 2021 is currently under evaluation (Gibney, 2015).
2. Europe and Russia
With USA shifting its focus from the human establishment on the Moon to Mars, ESA is looking for
new partners going back to the Moon. ESA got the go-ahead and funding to investigate participation
in robotic missions for the exploration of the Moon from its Council. However, a Moon lander
proposed by ESA failed to gather enough support and ESA since then has been discussing cooperation
with Roscosmos. In spite of the growing political tensions between Russia and Western nations, it is
still a consideration in this matter (Gibney, 2014).
3. China and Russia
Russian Deputy Prime Minister Dmitry Rogozin, supervisor of the Russian defense-related policies,
declared after a meeting with Chinese Vice Premier Wang Yang that Roscosmos is currently
considering a partnership with China in creating a lunar scientific station. Both parties share "deep
mutual understanding and mutual interests" in space-related projects (RussiaToday, 2015).
4. Russia and USA
Long history in collaboration discussed in the A4 element, but nothing to state on collaboration on
going back to the Moon.
5. Europe and USA
Despite the US being more interested in Mars, ESA is currently participating to develop human spacetransportation systems for missions beyond low Earth orbit via the European Service Module, which
will be used in conjunction with NASA's Orion crew module (David, 2015).
A4 Foreign Policy and International Collaboration Precedents
1. Europe and ESA
In-depth reviews of the internal cooperation between the European Union and ESA members within
Europe, as well as the numerous external cooperation relations, has been done by authors such as
Wouver (2008), Pasco and Jourdain (2002), Nardon (2011), Al-Rodhan (2012), and Wang (2012). Some
of the governance challenges arising from such a complex endeavor include harmonization of national
legislation and policies, budgets, and spending. ESA also has a geographical component in distributing
contracts and sub-contracts based on logic driven by monetary (GDP) and participation efforts of
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member states (Sadeh, 2002). Another challenge is balancing between the different motivations for
space exploration. For example, for the UK space is about practical application, for France it is a matter
of national independence and prestige, and for Germany it is more about trade and industry (Nardon,
2011).
2. US-Europe-Russia and ISS
The ISS has a long historical precedent in international cooperation needed to execute complex
missions. Started as early as the 1980s as an US project, ESA and a number of European space actors
became involved in the early 1990s, and later, after the end of the Cold War, Russia joined the project
after a push by the US (Sadeh, 2002).
The ISS program has had governance challenges and political tensions from the start, for example the
access to technology and proceedings. The US wanted control over those, and Europe wanted mutual
access and equal partnership. Both sides were in a cooperative-competitive situation in the space
sector, and unwarranted technology transfer was viewed negatively by the US. There were points at
which Europe was negotiating with Russia for a joint effort space station, likely leveraging that for a
stronger position on the ISS. Ultimately, all sides came together in one of the widest international
space cooperation efforts and used a consensus governance approach (Lengyel & Newman, 2014).
On-going support challenges due to economic and internal political issues, and budgetary stringency,
have marred the execution of the program, which had numerous delays and transformations (Wang,
2012).
3. China vs. USA
The US Congress banned NASA from engaging in bilateral agreements and coordination with China in
2011 (Seitz, 2011). However, NASA Administrator Charles Bolden says that if a manned mission to
Mars should happen by 2030s, an international partnership including Russia and China will be needed
(Poladian, 2015). The Chinese space program chief designer, Zhou Jianping, said his country is seeking
international partners for a space station it plans to launch in 2022, and that European and Russian
space agencies already have signed preliminary agreements with China (Fernholz, 2015).
A5 Special Case: Instability of US Space Policy
A bill named “Space Leadership Preservation Act” is currently being debated in the US Congress to
make it more difficult for the White House to change NASAs long-term goals, as it happened when
NASA’s Moon initiative got cancelled in 2010. This will give the Congress more direct power over
NASA's projects and policy-making processes, while helping prevent NASA's initiatives from being
canceled or highly changed when a new president is elected. However, there is a chance that the bill
will not be effective before the next elections, which makes US a potential unstable partner in
collaboration on larger space exploration projects in the short term (Grush, 2016).
A6 Military and Legal
1. Military and Legal:
Modern literature on changing current legal treaties by leveraging Moon missions to further a future
military/security agenda is not available.
2. Possible Space Race 2 (US and China):
China has twenty space missions planned for 2016, plans to have a functioning habitable space station
by 2022 and Chinese astronauts on the Moon in the mid-2020s under an annual $2-3 billion budget
for the space program, although only a fraction of the $19 billion NASA will spend in 2016. China may
be behind the US in terms of space technology and know-how, but it has inexpensive labor and
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material markets, and is starting to close the gap with US and Russian rivals. Although the space
program is speculated to be helped by funding from the Chinese military with a quote “All of this
project a combination of civilian projects for prestige and military projects for power” from source
(Dillow, 2016) and with another source highlighting China wants to put a line under its power through
utilization of space, by returning with manned missions to the Moon (Seedhouse , 2010)

2.2.2 Science and Technology Rationales
B1. Understanding Solar System and Cosmos
Most science missions concentrate on answering questions around Earth, Moon, Planets, Sun, Solar
System objects, objects at cosmic distances, etc. They are fundamental to our understanding of the
universe. For example, studying the makeup of the Kuiper belt could answer more questions about
the Solar System’s origin (Lemonick, 2014). For Moon-related science missions and reasoning, refer to
the science section 4 of the report.
B2. Permanent Colonization
This element refers to the ideas around space settlement, space tourism, and developing selfsustainable technology for long-term colonization. This rationale element connects all science,
technology, and human motivations, where most of the technology is in the low TRL domain and thus
points towards long-term investment.
Self-sustainable space habitats like Ark I (James Doehring, 2016) present the case for developing
technologies such as artificial gravity, closed ecosystems, collecting resources from Moon and
asteroids to reduce dependence on Earth, in-situ power sources as nuclear fission reactors and solar
panels, and self-sealing capability of the individual modules of the habitat. Although these
technologies can be pursued mostly by governmental agencies, there is a case for space tourism as a
starter for settlement which does not rely on governmental funding (Webber, 2012).
B3. Space Manufacturing
In anticipation of improved physical and chemical properties of substances and components, space
manufacturing becomes a rationale. 3D printing (additive manufacturing) could change the space
travel in a variety of ways (Chao, 2014) with low volume design, quick model-making, testing items in
microgravity, lighter weight lattices etc. Deep Space Industries (DSI) believes that space manufacturing
(manufacturing in microgravity and hard vacuum) offers both opportunity and challenge. The volume
and weight restrictions can be overcome, for example to provide large solar panels for power source
and huge antennas for communications (Deep Space Industries, 2016). Thus with a long term goal of
space settlement, space manufacturing is a supporting rationale.
B4. Microgravity Research
NASA’s microgravity research program (NASA, 2008) lists five fundamental areas in biotechnology
(protein crystal growth and cell/tissue culturing), fluid physics (foundation for predicting, controlling
and improving a vast range of technological processes involving fluids), material science (new,
stronger, lighter alloys and efficient manufacturing processes), combustion science (efficient fuels,
better fire safety, and a cleaner environment) and fundamental physics. These are mostly pursued by
scientific community, with very low direct benefits to industry.
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B5. Improving Space Medicine
Developing capabilities for long mission durations, especially for Levels IV and V as defined by
Hamilton et al (2007). Technologies and experience for imaging and sustainable Advanced Cardiac Life
Support (ACLS), Autonomous Advanced Life Support (ALS), basic surgical care, and palliative care.
B6. Improving Technologies (Wireless, Remote Sensing, Navigation, Power Generation, etc.)
Long term space programs such as settlements on Moon and Mars support the development of
technologies to be used for both the space missions and on ground. With respect to remote sensing
from Geostationary Earth Orbit (GEO) and Lagrange points L1 and L2, large antenna, mirror structures,
Differential Absorption Lidar (DIAL), laser Doppler, etc. are needed (Wiscombe, et al., 2002).
Improvements in navigation, guidance and control technologies help not only the space sector, but
also the aeronautical, maritime, automobile, and Global Navigation Satellite System (GNSS) sectors.
Example of developing such a technology would be Deep Space Atomic Clock (DSAC), key for time
critical events such as flyby and planetary landing (JPL, 2012). Technologies such as Radio-Thermal
Generators (RTG) are needed for power supply, and the US has recently started production of
Plutonium PU-238 isotope to regain the national capability to produce radioisotope power system for
deep space exploration (David, 2015).
Most importantly, technological developments in wireless communication infrastructure through
space missions affect a lot of high tech sectors, commercial satellite communication on Earth and also
the global USD 2 trillion telecommunications market. Various advantages for wireless networks for
space applications and further development are cited by The Consultative Committee for Space Data
Systems (CCSDS) (2015).
B7. Deep Space Mining
Although the main targets for deep space mining are asteroids (Asterank, 2016), the Moon and Mars
are also seen as a destination for mining as a potential in-situ utilization source. Also, a deep space
mining operation based on Moon would require less the ΔV to reach the asteroid belt and increase
the profits estimated in billions of dollars (Asterank, 2016).

2.2.3 Economic Rationales
C1. Increasing GDP via Opening New Industries
Long term space missions or lunar settlement missions may positively impact the mining and drilling
sectors. They could be drivers for lunar mining or deep space mining industries, or could benefit
indirectly by being consulted or used as suppliers of equipment since there are many potential use
cases (Bar-Cohen, 2009). Also, as a thrust for space based industries, China has a long-term plan of
Moon exploration where they clarify a strong support for the program including finance and tax
deduction (The State Council Information Office of the People's Republic of China, 2011). More so,
China argues the importance of space activities in the local economic system through development of
industries like material processing, metal finishing, and advanced electronics.
C2. Socio-economic Benefits from Investments – Jobs and Value Addition
By having a visible space exploration program, nations can instill interest in science, technology,
engineering, and mathematics (STEM) subjects among the newer generations. This can help in
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creating a technical workforce in the future (International Space Exploration Coordination Group,
2013). More so, with the rationale element of new industries opening up, job creation happens via
development of a supply chain to support the space program, involving the setup of new companies
or the involvement of existing companies as suppliers or contractors (Moltz, 2011).
C3. Technology Development via R&D – Spin-offs
Research and development in space mining may yield beneficial technology for terrestrial oil and gas
industry. For example lightweight autonomous drilling system and in-situ chemical analysis may
provide cost saving solutions for off-shore drilling activities on Earth (Jiles, 2000). Space exploration
may yield many different technologies in many different industries, from water purifiers to solar
panels. The number of new technologies is so high that NASA has a whole program dedicated to
creating uses for them, the Technology Transfer Program, which allows entrepreneurs to create new
companies using NASA technology (NASA, 2015). Thus both direct benefits and externalities exist, and
any government should take them into consideration with respect to new space missions.
C4. ESA Geo-Policy Advantages on Industry Through Better Economic Geo-Returns
ESA geo-return practice may motivate member states to participate in technology intensive space
programs which in return would be helpful to the economy. With regards to the Moon, ESA’s central
role in returning to the Moon may be beneficial.
C5. Economic Externalities in Knowledge and Cooperation
European Space Agency’s Director General has expressed interest to setup a Moon base by 2030. Such
a base will be beneficial for humans to learn about long-term space settlement and international
cooperation (David, 2015). More externalities as indirect benefits arise from increased human
motivation with a historical precedent in the Apollo mission.

2.2.4 Public Participation and Outreach Rationales
D1. Scientific Community Participation
Outreach to the scientific community is to secure a long-term development, knowledge, and potential
profit from missions.
D2. Public (Taxpayer) Participation
The need for public support varies with countries. In countries such as the US, the public support is
very crucial, since this will push the government to consider missions, and also it will help keeping the
government’s interest. Generally, the public (the taxpayers) wants the most ambitious programs for
the lowest price (A USD 250 M mission may be more easily sold to the public than a USD 1,000 M
mission) and thus the manifestation of previous rationales helps in getting the support. However, in
cases such as China, the public might have less influence on the government decisions, and a survey
by (Pew Research Center, 2011) quotes:
Chinese public has been overwhelmingly content with the direction in which their country is
headed. In a spring 2010 survey by the Pew Research Center’s Global Attitudes Project, 87%
of Chinese said they were satisfied with the way things were going in their country.
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D3. Government’s Role in Communication and Participation
Outreach to government from the National Space Agency side is to secure continued funding and
approval for space missions of increasing risk. Outreach to the public from a private stakeholder side
is based around popularity, which may also incentivize the government to support them, and
potentially public participation such as crowdfunding. Depending on the country from which such a
mission could take place, the approach to outreach is different. More on the methodology of
communication and rationales is elaborated in the outreach section 6. In all the different cases,
outreach to the government is the first step for large scientific missions, and willingness of the
government is a primary driver for the mission.
D4. Special Case: ESA Geo-Policy
For the case of Europe, it has to be considered that a space mission needs to be accepted by multiple
nations (different backgrounds) and with geo-policy as an effective way of engagement, it may have
both positive and negative ramifications. Very-high-cost space missions may not be pursued, and may
require collaboration, which ultimately different state actors decide on a basis of public support.
D5. Special Case: Prestige and People (China)
China named its Moon exploration program as Chang’e program and the rover as Yutu to effectively
reach out to the public with the famous legend of Chang’e and YuTu in ancient China. They use personlike descriptions to express the tasks, such as “YuTu will go to sleep during the Moon night, YuTu miss
family very much”, etc. Also, with space industry being one of the most developed fields in China, and
with China ranking among the world's leading countries in space technology, the public pays a lot of
attention to the space industry as a consequence of national prestige and honor. Combining both
outreach and prestige rationale, China portrays a unique way of public participation.
D6. Public Spending on Space vs. Defense
Based on the Space report 2015, created by the Space Foundation, the space budget and revenues for
2014 was approximately USD 330 B with 39 % (USD 127.65 billion) for commercial infrastructure and
support industries, 37 % (USD 123.18 billion) for commercial space products and services, 13 % (USD
42.96 billion) for US government space budgets, and 11 % (USD 36.21 billion) for non-US government
space budgets. Out of the USD 79 billion for the US and non-US government space budgets, USD 43.84
billion (55.4 %) was spent on civil space expenditure, and USD 35.33 billion (44.6 %) was spent on
defense expenditure, which is an increase in defense space spending from the previous year.
It is also worth noting the USD 79 billion is an increase of 6.8 % from 2014, with a notable increase of
12.9 % from non-US government space actors. In contrast, Euroconsult (2015), in profiling government
space programs, estimates that the governmental space budget for 2014 was 66.48 billion USD, with
63.2 % (42.03 billion USD) spent on civil space expenditure, and 36.8 % (24.45 billion USD) on defense
space expenditure. So between the two, there is a slight disagreement in the civil-to-defense ratio,
and size of budget (Al-Ekabi, 2016, p. 50). There may be a propensity for using defense space budgets
in prospective Moon missions in order to develop critical technologies for dual-use. With a case of
public participation, taxpayers may push for increased space budgets in the case for US, Russia and
China. There could be a possibility of co-owning deep space assets from civil and military side.
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2.3 Framework 2: Opportunities, Stakeholders, and Risks
The next framework is enriching Framework 1, but is focused opportunities arising from mission
objectives, stakeholders (with funding access and TRL cost), and associated risks. Framework 2 itself
is summarized in Figure 2-4.

Figure 2-5: The four sub-components for the Opportunities Framework
The four areas mentioned in Table 2 form the basis of Framework 2, from which opportunities for
collaboration and partnership will be identified for a particular space mission.
E) Stakeholders with Funding Access is a fundamental driver for partnerships given that this kind
of space-related technological resources are relevant to very few countries. With the advent
of new space, space mining, and space marketing opportunities, private stakeholders and
other organizations are looking to enter the sector. For big science missions, government
space budget still remains the primary source of money. Also listed for this area are the typical
costs of space missions from literature review.
F) Technology Access and TRL Cost Levels give an indication of the capability from a nation’s
point of view and identifies gaps in the technology and its related cost levels for appropriating
a mission. Without this critical information, relevant budgets or risks cannot be identified for
a space mission
G) Mission Objectives (Scientific, Technological, and Business) define the mission, the breadth
and depth, and thus also fundamentally help to locate the appropriate stakeholders with the
rationales from Framework 1 to back the objective. Ideally, for a science mission, the
government would be the major stakeholder, though as mentioned earlier, business
opportunities may form a significant set of objectives
H) Risks and Cost of Risk: Takes into consideration failures at a holistic level, though an effort is
not made here to list all of them, but only the important ones. For a specific mission analysis,
though all possible major failures could be pointed out which will eventually refine the
opportunities arising out of this framework. More importantly, this area also considers the
cost of risk, though limited in quantitative depth
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2.3.1 Reasoning for Elements in Framework 2: Stakeholders with Funding
Access
E1. Government Stakeholders (US, Europe, Russia, China, Japan, India, and Canada)
This area analyses both prospective stakeholders and the funding access they possess. It also
highlights the typical cost of space missions and thus sets a precedent for analyzing deep drilling lunar
missions. The space budgets of the public sector from major countries are displayed in Figure 2-6, with
information accessed from the Space Foundation (2015).

Figure 2-6: Governmental stakeholders – country and estimated budget
The typical cost of lunar missions is illustrated in table below. In analyzing a typical space mission,
Figure 2-5 and Table 2-1 would be helpful in determining the access to funding from a specific nation,
and whether an international partnership would be needed based on the size of the mission.

Table 2-1: Typical cost of lunar missions
Country

Year

Mission

Russia
US
US
US
US
US
ESA
Japan
China
India
US
China

1959 - 1976
1961 - 1965
1966 - 1968
1966 - 1967
1994
1998
2003
2007
2007
2008
2009
2010

Luna 1 - Luna 24
Ranger 3 - 9
Surveyor 1 - Surveyor 7
Lunar Orbiter 1 - Lunar Orbiter 5
Clementine
Lunar Prospector
SMART1
Kaguya
Chang'e 1
Chandrayaan-1
Lunar Reconnaissance Orbiter + LCROSS
Chang'e 2
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Cost
(USD)
4.5 B
1.0 B
2.8 B
800 M
75 M
63 M
170 M
480 M
176 M
100 M
583 M
134 M

Inflation adjusted
2016 (USD)
31.9 B
7.5 B
19.1 B
5.7 B
120 M
92 M
219 M
548 M
201 M
110 M
643 M
146 M
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E2. Private Sector (Direct or Contractual)
The Private sector has foreseen a lot of possibilities in both space and space mining based sectors. The
potential access to funding is provided in Figure 2-5. The Private sector can also participate via
sponsorship or advertising on space missions, although the typical funding access to primary
stakeholders from these private sector companies is not available.

Figure 2-7: Potential access to funding for the private sector
1.

2.

The investment from private ventures may reach USD 10 billion by end of 2015 (Dana Hull, 2015). Average
magnitude of HNWI and corporate investment in space ventures is expected around USD 1 M and USD 1 B
respectively in 2015 (Tauri Group, 2016).
Based on figures from London Economics (Greg Sadlier, 2013).

E3. NGO/CSR Funding
It would be possible to raise funding for a G1 type of objectives through the socio-economic benefits
(C2) from various non-governmental organizations (NGO) and corporate social responsibility (CSR)
funds available from corporations.
E4. Mission Specific Stakeholders
Various space missions can encounter mission specific stakeholders, most of which receive funding
from the above mentioned stakeholders. These include prime-contractors and sub-contractors,
launch service providers, ground services, and scientific community who use the data. Scientific
community, universities, and research facilities become engaged in the space missions through public
spending on Science and Technology and support space missions with scientific instruments on-board.
Launch service providers along with their payload capability and cost of launch are listed in Table 2-2.
Table 2-2: Launch service providers by country, payload capability and cost of launch
1. (Biesbroek, 2016), 2. (Ray, 2004), 3. (Jeffrey Lin, 2015), 4. (Tauri Group, 2016)

Country
US
EUROPE
CHINA
RUSSIA

Launcher
SpaceX Falcon 91
Atlas V1
Delta IV2
Ariane 51
Long March 53
Proton M1

International Space University

Payload to TLI
(tons)
2.6
6.7
10
7
14
5.9
18

Cost of Launch
(USD)4
61 M
170 M
282 M
178 M
Under development
65 M
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Companies could become potential stakeholders through engagement in delivering components
either to receive particular data or as beneficiaries through a marketing program, in which case there
is no cash transaction but help in reducing the overall cost to primary stakeholder or increasing the
value of the space mission.

2.3.2 Technology Access and TRL Cost Levels
F1. High TRL Technology Capabilities – Countries
Comparative study of space technology from the Japan Science and Technology Agency (2014)
illustrates the competence in various space sectors of leading spacefaring nations, Table 2-3. There
are other studies by NASA and ESA which illustrate all the components used in each of the sectors
defined above in the table and give the Technology Readiness Level as a measure of competence. For
assessing collaboration opportunities in a particular space mission, availability of required
technologies from participating nations or private entities needs to be deliberated upon.

Table 2-3: Summary of comparative study of space technology across various sectors and nations

Sector

Maximum

US

Europe

Russia

Japan

Space Transportation
Systems

30

27

25

25

18

22

11

0

Space Applications

30

29

25

12

19

12

8

5

Space Science

20

19

11

8

7

4

3

2

Manned Space
Activities

20

20

9

15

9

10

1

3

Total

100

95

70

60

53

48

23

10

Rank >

1

2

3

4

5

6

7

China India

Canada

Noteworthy, only the US and Russia have a full range of space activities and technological capabilities
with respect to both robotic and human missions. Also following the retirement of the space shuttle
fleet, the only missing piece from US technology is the human-rated launch system. But the
development of Space Launch System Block 1, Boeing’s Starliner, and SpaceX’s Dragon capsule
indicates the strong US intention to fully develop the capability in human space transportation.
F2. Existing Low Cost High TRL – Countries (TRL 6-9)
Generally, nations such as Russia, China, India, and to an extent Japan are considered to possess
similar or high end space technology at a lower cost, making the access to space cheaper. Besides the
exception of SpaceX, no private or public stakeholder around US or Europe has matched the level of
frugalness possessed by these countries. Thus participation of these countries in low cost and high TRL
technologies absorbs both the financial pressure and lowers the risk in an international collaboration.
Most technologies in this domain would come under launch vehicles, standard spacecraft bus, remote
sensing satellites, ground operation and launch facilities, software capabilities, etc.
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F3. Technology Readiness Level and Cost Associated
F3a.

Low TRL, High Cost to Develop (TRL 1-4)

These technologies are the most difficult to develop and require a lot of investment and generally Cold
War-type situations aid in their quick development. A stakeholder with large access to funding or
higher political will may be able to develop them, consequently the stakeholders being US, Russia, and
China. For a lunar deep drilling mission, technologies pertaining to drilling, soft landing, high heat
latency materials, in-situ sampling, and energy systems with high power/mass ratio would fall in this
category.
For example, planetary drilling and processing system possess a very high degree of autonomy (NASA,
2012). Planetary drilling technologies are wire line tele-robotic drill systems, plasma drilling, and
microwave drilling, with some systems integrated with in-situ sample processing system. Another
example, the main technical driver for a soft landing attempt is the presence or absence of an
atmosphere. In the absence of atmosphere, the technical challenge is the requirement for
sophisticated attitude and descent control system that might consists of sensors like gyro and retrorocket system. Up to now, only three nations have achieved a soft landing on the Moon.
F3b.

Low TRL, Low Cost to Develop (TRL 1-4)

These technologies need to be developed from low TRL levels, although the vision is generally
available and cost to develop is not very high. An example would be the case of miniaturized space
electronics, which could be developed for space hardened categories from commercial ones. As there
has not been a thorough need for these systems, they would have lagged the development cycle, and
a long term space mission may spark that need. Miniaturized space electronics could offer significant
payload mass gain and system for microspacecraft for distributed space architectures (Guo, et al.,
2012).
F3c.

High TRL, High Cost (TRL 5-9)

These technologies are generally possessed by developed nations, where human capital cost becomes
a major factor in R&D and operations. These technologies are also sometimes at TRL 5-6, which means
high investment is needed to upgrade them to TRL 7-8. With generally same drivers as F3a, the focus
is more on the bulk investment needed for specific type of missions. For deep space missions, an endto-end telemetry, tracking, and command (TT&C) systems and a sample return technology would
qualify under this category.
An example is the development of laser communication technology for deep space mission, which
would allow an increase in the telemetry bandwidth over classical RF technology, performing on
ground data processing during the cruise phase of the probe, and thus generate more science data
and faster access during flight (Thomas, et al., 2007). The example of sample return where the fraction
of the return capsule compare to the launched mass is very small (about 0.6 %) for a typical sample
return missions (Ball, et al., 2007). A comparison of the non-return and return payloads is made in the
Table 2-4 below to illustrate the same.
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Table 2-4: Comparison of non-return and return payload (Ball, et al., 2007).

In addition, to support a sample return mission, various enabling technologies need to be developed
as given in Table 2-5 below (adapted from Neal et al., 2013).

Table 2-5: Enabling technologies needed to support a sample return mission

Mission Stage
Pre-Launch
Sampling

Enabling Technologies Details
Sterilization protocols and verification procedures.
Autonomous positioning, multiple sample acquisition, transfer
mechanisms, sample acquisition verification procedures.

Landing

Environmental monitoring, different sample containers (for samples
like loose regolith, ice, gas, rock) preventing cross-contamination,
unreactive and strong sample containers, sealing/resealing
mechanisms and verification procedures, gas containment at
different pressures,
Low mass lander/ascent vehicle infrastructure.

Curation

Development of cold/cryogenic curation and storage protocols

Sample Container

Sample Return

Autonomous vertical alignment of ascent vehicle return.

2.3.3 Mission Objectives (Scientific, Technological, Business)
Contains sample mission objectives pertaining to a lunar deep drilling mission in a wide category of
space missions. For different space missions under consideration, different set of mission objectives
can be chosen, objectives which are necessary and sufficient consequences of the technology and
funding within the mission.
G1. Science and Humanities Objectives
1. Science below 20 m – sample analysis
Drilling beyond 20m, allows understanding of subsurface information of the Moon that is not
contaminated by external factors from space such as meteorites and cosmic radiation (Wall, 2014).
2. Drill technology enhancement
A robotic lunar mission can be used as a demonstration of various drilling technologies such as wireline
tele-robotic drill system (Lunar Mission One, 2014) and plasma drilling (Zaptec, n.d.).
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3. Experiment on sample 3D printing
Lunar regolith can be used as a construction material for future lunar bases. Foster and Partners is
considering the prospect of 3D printing of lunar habitat using lunar regolith (David, 2015).
4. First step to lunar base
Robotic lunar missions allow the exploration of key materials to sustain a lunar base such as water for
propellant and human usage (Kohlenberg, 2013) and building materials (David, 2015).
G2. Mining Resources – Long Term Business
1. Platinum Group Metals (PGM)
PGMs (ruthenium, rhodium, palladium, osmium, iridium, and platinum) are among the most expensive
metals on the planet, with many uses in industry and jewelry. On the Moon, the concentration of
these metals is similar or lower than on Earth, except possibly near impact craters, where they could
be present as surviving meteoritic material (Crawford, 2015).
2. Water
Water can be used for daily usage in habitats and also to create propellant. Propellant production can
decrease the cost of deep space missions. The primary sites to locate and harvest water will be at the
Moon’s polar regions (Crawford, 2015).
3. Rare Earth Elements (REE)
REEs are a group of 17 elements with similar chemical properties with varying uses in modern industry,
especially in the clean energy sector (British Geological Survey, 2011). Their high value, along with an
expected 60% increase in demand from 2010 to 2016 (Hatch, 2012), makes them a possible resource
to bring back to Earth from the Moon.
G3. Make Direct Revenues
1. Advertising
Advertising can benefit the space program in two ways; one for outreach purposes and the other for
funding of space programs (Onion, 2015). A Japanese company is planning to advertise their Pocari
Sweat drink on the Moon’s surface using Astrobotic’s Griffin lander (Wall, 2015a).
2. Product/service to public
Lunar Mission One aims to provide private digital archives services for the public. The archive contains
private information such as personal photos and family trees. This information will be stored in a
digital memory box that can be purchased online (Lunar Mission One, 2014).
3. Reality TV show
There has been an attempt to use reality TV show in space programs. Previously, Mars One proposed
to run a reality TV show to identify candidates for the first mission to Mars and use the TV shows as
part of its funding strategy (Wall, 2012b).
4. Developing computer games
Currently there are no companies that develop games as one of the sources of revenue to fund their
space programs. Nevertheless, the idea of diverting revenue generated from other businesses within
a company to fund space ventures is possible (Berinstein, 2002). The diverted revenue is
comparatively stronger than other funding sources due to lack of restrictions and debt obligations.
Over time, the space segment would be self-sufficient and contribute more towards the company.
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5. Hosting payloads
Hosting payloads is a possible revenue source. Astrobotic plans to sell space on its lunar spacecraft to
interested buyers for hosting their payloads. The price is ~USD 1.2 M per kg (Astrobotic, 2016).
6. Selling data
Unlike the public space program, private space programs can sell their data to interested parties. In
the Innovative Lunar Demonstration Data (ILDD), NASA will purchase scientific and technical data
regarding the design of the lunar landing mission. So far, some of the recipient companies were
Astrobotic and Moon Express (NASA, 2010b).
7. Sponsorship
In the space industry, corporations typically sponsor a certain amount of funds to have their company
logo during space exhibitions or conferences. In terms of missions to the Moon, Google sponsors the
Google Lunar XPRIZE for privately funded robotic lunar missions (XPRIZE Foundation, 2016).

2.3.4 Risks and Cost of Risk
H1. International Collaboration Failure due to Geo-Politics
The creation and maintenance of space collaboration from political reasons can be categorized into
two primary drivers - threats and needs. Threat is related to the defense and political sovereignty. In
a broader sense of a civil and military space program, the threat is related to the technological
capabilities that can influence the geo-political standing. The other driver, needs, arise from both
parties in a collaboration with respect to technology or funding. Generally, either of the member’s
offer is not independent with the first driver and from the beginning all members should understand
that the collaboration is of mutual benefit (Venet & Barane, 2016).
H2. Low TRL, High Budget, and Long Time-Line Associated Failures
The problem of cost of risk is showcased by three cases on schedule and cost overruns in Table 2-6
compared to on 2011 expected baseline (Messier, 2011).

Table 2-6: Budget overruns of NASA’s Commercial Orbital Transportation Services COTS Program
(public/private) and Virgin Galactic’s Suborbital Venture (private) (Messier, 2011)

Detail

Case 1:
Public-Private

Case 2:
Public-Private

Case 3:
Private

Actor

SpaceX-NASA

Orbital ATK-NASA

Virgin Galactic

Project

Falcon 9 Dragon

Taurus II Cygnus

WhiteKnight Two/
Spaceship Two

Original Cost

USD 278 M

USD 170 M

USD 108 M

Revised/Actual Cost

USD 318 M

USD 310 M

USD 400 - USD 500 M

Cost Increase

USD 40 M

USD 140 M

USD 300 - USD 400 M

Original Schedule

September 2008

December 2010

2007

Revised/Actual Schedule

Dec-10

Dec 2011 (Projected)

2012-2013

Schedule Delay

2 Years, 3 Months

1 Year (Projected)

5-6 Years

Note: Information based on 2011 status
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H3. Impact of Poor Management in International Partnerships
Poor management in international partnerships arises in situations pertaining to complex technology,
cultural differences, less qualified executive team, ill-defined objectives, etc. A case study for
International Partnership in Large Science Project (Office of Technology Assessment, 1995) defines a
few advantages and disadvantages. The international partnership has advantages in reducing the net
costs through sharing of technology, enhancing funding stability, supporting foreign policy goals and
addressing global scientific questions. It has disadvantages or risks in potential loss of leadership and
project control, improper distribution in project’s costs and benefits, risk of technology transfer, and
inability to guarantee long-term political will and funding.
Another significant problem is conflicting national rationales yet insufficient resources, and thus may
be advisable to not enter into a less objectified partnership. At the International Astronautical
Congress (IAC) 2015 in Jerusalem, top space leaders from the US, Russia, China and Europe discussed
the next big space missions with NASA eager to go to Mars, European Space Agency proposing an
international ‘Moon Village’, China eager to build an Earth-orbiting space station of its own, and Russia
discussing preparations for a lunar mission and for separating its modules from the International Space
Station after 2024 to create its own station (Zak, 2016).
H4. Impact on Future Strategy due to Mission Failure
Mission failure could lead into a questioning about the policy of an agency. One example is the loss of
NASA’s Mars Climate Orbiter as a consequence of ‘faster, better, cheaper’ missions which may be
resorting to an unnecessary risk (Hall, 1999). There is also a mention of lessons learned from Genesis
mission which became an imposition of a concept that was not sensible, impractical, and without
reliable implementation guide. Lessons learned from the space program failures have common
themes to infuse the knowledge into the future programs. One approach, especially to large and
complex programs, is imposing a “Rules of Practice” that govern how certain things are to be done
(Nieberding, 2011).
H5. Internal Political Decisions and Opportunity Costs
A classic example of political and policy decision is the termination of Project Constellation in 2010
and removing the Moon as a destination from the deep space human spaceflight program. The
opportunity costs for shifting to a Mars-centric program were high as the time and money could have
been allocated for the same purpose from the beginning.
According to the Joint Committee on Technology for Space Science and Applications of the
Aeronautics and Space Engineering board and the Space Studies Board (1997), Agencies (US type) or
consortium members (ESA type) need to understand how policies for requirement development,
mission definition, and system acquisition affect mission costs, where order of magnitude reductions
result from a combination of well-defined policy, program planning, facilitation using advanced
technology, appropriate procurement strategies and inter-agency coordination (e.g. NASA and DoD)
and not just better technologies.
H6. Bankruptcy of Private Stakeholder
In a more general Public-Private Partnership framework, the risk management from public point of
view involves two things – valuing liabilities and managing liabilities. Methods of evaluating liabilities
are direct liability, providing guarantees, or option pricing techniques by assuming maximum
exposure.
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In case of the bankruptcy of the private stakeholder in a Public-Private Partnership (PPP) project, the
government will come to the rescue and continue the work (Biginas & Sindakis, 2011), but if it is a
concession base project, the private concessionaire would lose the contract and its concession right
(Feigenbaum, 2011).
From the government perspective in a public-private mission, managing liabilities in reducing the risk
of a private failure requires protection from financial implications such as a guarantee fund, where
the government might create a fund of liquid assets that can be rapidly mobilized when needed. The
fund ideally has its own balance sheet and excluded from the annual budget cycle (World Bank, 2015).

2.4 Collaboration Structures from Frameworks
From the frameworks produced from the section before, probable collaboration and partnership
structures have been analyzed, keeping all the elements in consideration. A special case of a Moon
landing mission with science mission and business perspective has been considered for analyzing a
collaboration structure. Any specific mission objective has not been defined for this analysis, and will
only be defined in the next section of Results.
Two cost scenarios have been considered for a Moon specific landing mission as follows:
1) Medium-cost scenario with a cost between USD 250 M and USD 600 M, with a minimum
total lander mass of 1,000 kg. Based on deductions from tables in E1 (2.2.7), with cost and
funding precedents from American, European, Russian, Chinese, and Indian missions.
2) High-cost scenario with a cost above USD 600 M, with a minimum total lander mass of
1000 kg. Based on deductions from tables in E1 (2.2.7), with cost and funding precedents
from US, European, and Russian missions.
The low cost scenario less than USD 250M with a complete private capability could not be designed
and put forth as a scenario due to non-availability of Low-cost, High TRL Moon mission architecture
(launcher, orbiter, lander, and science payload) in developed space-faring nations, non-availability of
prominent private actors in cost-effective space fairing nations such as China, Russia and India and
non-availability of either space policy or space law supporting private autonomous space missions.

2.4.1 Complementary Rationales and Opportunities Analysis for Two Cost
Scenarios
First, Complementary Rationales framework is analyzed for Rationales A, B, C and D, and appropriate
complementary and conflicting rationales are defined. The list is not complete and there is scope for
further recommendations.
The Medium-Cost Scenario with a cost between USD 250 M and USD 600 M, with a minimum total
lander mass of 1000 kg, is summarized in Figure 2-8.
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Figure 2-8: Complementary Rationales framework used for a medium cost scenario
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Medium Cost Scenario Complementary Rationales:
1. Russia and China: Friendly collaboration (A3) between Russia and China to perform for low cost
Moon landing mission with focus on permanent colonization (B2). With China in perspective, the
support from public and the prestige factor (D5) with possible funding from the military (A6)
provides positive support for the Moon mission.
2. International collaboration for Moon Base: Moon base can be brought together by various
rationales such as Europe national space policies (A2) - which includes an interest for Moon
settlement, ESA geo-return practice which motivates member states to participate in space
programs (C4), economic externalities in knowledge and cooperation (C5) from China and Russia,
possible improvement in technologies (B6), ESA geo-policy for collaboration with different states
(D4) and the pursuit for having a permanent colonization (B2).
3. Larger industrial scope via international collaboration with Europe in lead: Europe, China, India
and Canada have complementary rationales as an initiator for large space missions, separate from
the usual ISS block of US, Russia, Japan and Canada. In addition, historical precedents for modern
policy (A1), increase in GDP via opening new industries (C2), socio-economic benefits from
investments through jobs and value addition (C2), improving technologies (B6), prestige factor
and public support in China (D5), public as taxpayers participation (D2) and the quest to increase
understanding of the Solar System and cosmos (B1) are complementary rationales for undertaking
space missions.
4. Mining, colonization and Public-private partnership: Deep space mining (B7) with example of DSI
case with Luxembourg government., Moon settlement interest within Europe (A2),
complementary US privatization law with a potential to increase GDP via opening new industries
(C1); i.e. in DSI case will encourage an international Public-Private partnership rationale with
further potential benefit in mining technology development as spin-off (C3). The other potential
extension of this collaboration is in permanent colonization (B2) and space manufacturing (B3)
5. Explicit Science rationale: Friendly collaboration (A3) between Europe and Japan for a better
understanding of the Solar System and cosmos (B1) and microgravity research (B4) rationale with
scientific community participation (D1) and public spending on space and defense (D6)
Medium Cost Scenario Conflicting Rationales:
1. Geo-politics and Mars focus: US-China geo-political problems with an effect on space and foreign
policy, combined with non-existing international collaboration precedents (A4), indication of
space race on the military and legal rationale (A6), few short term direct GDP benefits via opening
new industries to US (C1), and separate US permanent colonization Mars focus (B2), all combine
into a conflicting rationale with respect to a larger international cooperation for a Moon mission.
2. Geo-politics and Export Control for Space vs. Military: Europe collaboration with China as a
deterrent to friendship with US; prone to unintentional restricted technology transfer.
3. Fallacy of economic returns (ESA case): Fallacy of geo-return policy (C4) and consequences from
National policies in Europe (A2), focus more on improving technology (B6) rather than permanent
colonization (B2) or deep space mining (B7)
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The High Cost Scenario with a cost above USD 600 M, with a minimum total lander mass of 1,000 kg,
is summarized in Figure 2-9.

Figure 2-9: Complementary Rationales framework used for a high cost scenario
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High Cost Scenario Complementary Rationales:
1

Russia and China larger mission: Repetition from Low cost scenario but on a larger scale (high cost
– long term) with friendly collaboration (A3) between Russia and China for Moon landing mission
on long term technology development with a focus on permanent colonization (B2) rationale,
combined with public support rationale in China case (D5), with probable potential military
rationale (A6)

2

Mining and Europe-US collaboration: B7 Deep space mining (Moon or asteroids) from A3 friendly
collaboration between US and Europe with a C1 GDP increase and new industries rationale + D6
spending on defense vs. space

3

US vs. China for Moon: A5 instability of US policy combined with influence from A4 China foreign
policy (and space policy for Moon rationale) could give rise to a (A6) military imperative for US to
achieve B2 permanent colonization rationale and B3 Space manufacturing rationale, if significant
technological developments towards Moon base are taken by China. Supported by D6 defense
spending for space based missions with a legal ramification from Outer Space Treaty combined
with a long term vision of D1 scientific community participation and C2/C3 goal for socio-economic
externalities from such a mission.

4

US Decision on Moon vs. Mars spending: Rationale for US Mars (A2-A5) policy with the risk of
funding or international collaboration problems in the future from Framework 2 which has
consequences on deciding for permanent colonization rationale (B2) for either a Moon or Mars
objective.

High Cost Scenario Conflicting Rationales:
1. International Collaboration for Mars after ISS: US, Japan and Canada case for cooperation after
ISS (A4) (2024 timeline) combined with permanent colonization rationale for Mars (B2), the
academic rationale for technology development and spinoffs (C3) and scientific community
participation rationale for NASA budget (D1) gives rise to a more likely Mars scenario and a low
possibility of a high profile mission to Moon and simultaneous permanent base (given the US space
budget plays a huge role in long term space missions)

Next, the Opportunities framework is analyzed for Rationales E, F, G and H and appropriate
Opportunities are defined. The list is not complete and there is scope for further recommendations.
The outcomes of the analysis of both Medium and High Cost Scenario is summarized in Figure 2-10.
Medium Cost Scenario Opportunities:
1

Government risk shielding for Private space ventures: The possible long term business of mining
for resources (G2) and secondary objectives for making direct revenues from space missions (G3)
presents opportunities to the private sector especially in the US (E2), government stakeholders
such as US and Luxembourg (E1) and mission specific stakeholders such as SpaceX (E4). The low
TRL with low development cost can be developed by the private sector (F3b-E2) while the low TRL
with high development cost can be develop by the government sectors (F3a-E1) thus lowering risk
of bankruptcy of private stakeholders (H6) during a possible Public-Private partnership

2

International collaboration on technology gaps: Space missions with science and humanities
objectives (G1) involving government stakeholders (E1) can lower the risk impact due to possible
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poor management in international partnerships (H3) (in the case of private only stakeholders) and
impact on future strategy due to mission failure (H4) by involving countries that possess high end
space technologies at a lower cost or low cost high TRL (F2).
3

Disruptive technology and government participation: Mission involving governments from
countries with existing low cost high TRL space technologies (E1 & F2) and the private sector (E2)
presents opportunities for disruptive innovation for space components with varying TRL level (F3)
and possible direct revenue sources (E2 & G3) to the private sector, government and NGO or
Corporate Social Responsibility (CSR) with science and humanities objectives (E1, E3 & G1).

4

Low geo-political risk collaboration: For space missions with science and humanities objectives
(G1), a collaboration among countries like India (with low cost and high TRL space components
(F2)), Japan (with high cost and high TRL space components (F3c)), Europe and Canada (with
varying TRL and associated cost (F3)) can lower the risk on international collaboration failure due
to geo-politics (H1).

5

Combining TRL capability for Europe and China: Europe and China have the space technologies
with the necessary TRL maturity to build a Moon base but with different science and humanities
objectives (G1).

High Cost Scenario Opportunities:
1. US and Russia: Governmental centric collaboration between US and Russia (E1), both countries
possessing high TRL technology capabilities (F1) for possible B2 colonization capabilities. This
would ensure further improvement of current low TRL technologies to be developed (F3) with the
aim of satisfying the science and humanities objectives of a mission (G1). Due to former
collaborations between the two actors, the risk of poor management in international partnerships
(H3) would be low, but there is a potential higher risk due US internal political decisions and
consequent opportunity costs (H5) as compared to international collaboration failure due to geopolitics (H1).
2. Technology Transfer: Russian transfer of technology to any country or private actor for a possible
long space mission objective (B2/B3/B7), which are mainly high cost technologies in the category
F3a and F3c.
3. High Payload, Low Risk, Russia and China: Russian collaboration with China on Science and
Humanities objectives (G1) and Mining resources – long term business (G2). This collaboration
would enable lower risk on long time-line associated failures (H2) compared to a low TRL type
missing with need for high budget, with an increase in min. P/L capability.
4. Technology Development and US-Europe case: Specific landing missions’ technology development
of Low TRL, high cost to develop technologies (F3a) with support from US to Europe, on
Governmental level (E1).
5. Technology development from a Military-Legal standpoint: US Government-Military project for
general improvement of need technologies independent of cost associated (F3) to lower risk from
possible outside threats to their top position as leading space faring nation (A6) with a potential
space race towards fulfilment of science and humanities objectives (G1) and Permanent
colonization (B2) with possible Moon military advantages.
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Figure 2-10: Opportunities framework used for both a medium and high cost scenario

2.4.2 Collaboration and Partnership Structures
The Collaboration structures analyzed for High cost and Medium cost scenarios can be put together
for a consolidated structure and arguments from Complementary rationales and Opportunities. The
complementary rationales/opportunities are implications derived from the basic drivers in the two
frameworks. Although, most of these drivers are well understood in the literature, we believe this
framework analysis will bring more such drivers out and give a clear picture on how governmental
policies, economics, scientific rationales and TRL levels, private funding stakeholders, business
objectives and risks (space ventures) interact with each other and form building blocks to cooperation
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in space and ultimately big ticket missions. Various rationales and opportunities can be combined for
individual medium cost and high cost scenarios (depending on the scope of the mission) for
collaboration structures combining all the eight elements. A sample mission scenario has been
discussed in the results section 2.5 elaborating on the formation of international collaboration
structures out of both Complementary rationales and Opportunities.

2.5 Results and Scenario Mission Case with Supporting Rationales
After the cost scenario analysis in the previous section, the frameworks are applied to a specific
mission case and recommended collaboration structures have been brought out. Both frameworks
were analyzed with respect to complementary rationales and opportunities. The final elements are
listed in Figure 2-11. The elements combine to give the collaboration structures.
Mission Case: Validating the drill technology used for drilling on celestial bodies (Moon, Mars,
asteroids). The Mission case consideration is in line with the Luna Hathor assessment of deep drilling
20 m on the surface of the Moon with added objectives of retrieving appropriate scientific data and a
possible business case.
Recommended Collaboration structures are as follows:
1) Europe and/or Russia and/or China: Drilling mission as an E1-G1 science mission with E2, E4
minor commitment for lowering H6, H4 risks with potential E1 to E2 technology transfer


Focus on scientific missions (B1, G1)



Any privatization initiative (C1-C3, C5)



Potential Russian technology transfer opportunity (A3, C3)



Government’s role in scientific community participation (D1)



Collaboration from government stakeholders (E1) such as Europe, Russia and China
(from foreign policy implications perspective A4 even with no historical precedents)

2) US space vision on Public-Private Partnership: Possibility of a C1 + B7 = D3 push by the US
government into A2 privatization policy, keeping in mind A6 military agenda for the Moon.
With secondary E1 actors in Europe and Japan and a greater potential for extending the
current public-private partnership in US


US government push into privatization policy (A2)



Space manufacturing systems for space habitats (B3-B6) with a government push in
communication (D3) and public participation (D2)



Deep space mining (B7)



Opening of new industries (C1-C3)



Probable military and legal agenda (from the point of view of geopolitics) (A6)



Secondary government stakeholders/actors in Europe and Japan (E1)

3) China’s probable vision on leading the Moon race: Chinese A1-D5 push into B2-G1-G2 puts
forth a collaboration potential with any developed space actor to complement on F3 funding,
lower H2 risk, less E2 funding, and a higher risk towards A4-H1 US side
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Fulfilling science and humanities objectives (B1, B4, G1)



Enablement of resources mining (B3, B7, G2) and permanent colonization (B2)



Possible long-terms business development putting forth a collaboration potential
with any developed space actor for development needed technology, funding, and
lower risk of Low TRL, high budget, long timeline associated failures (A3, C5, F3, H2)



Likely less private sector funding associated (E2) Chinese push for prestige rationale
and position as one of the leading space faring nations (A1 and D5)

Figure 2-11: The Complementary Rationales and Opportunities framework applied to a Luna Hathor
mission
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2.6 Risk Analysis for Luna Hathor
Risk analysis for the Luna Hathor project is carried out with respect to various objectives encompassing
science, engineering performance, complementary rationales framework, opportunities framework,
and collaboration structures. Sample science objectives, engineering capabilities and policy,
economics, industry, and law failure modes are provided in Table 2-7 (including risk matrix used).

Table 2-7: Risk table for Policy, Economics, Industry, Law, Science and Technology
#

Policy, Economics, Industry, Law, Science and
Technology related risks

Likelihood

Severity

1

Multiple Private stakeholders only mission: Not able to
raise sufficient funding

Project termination

E

5

4

Multiple Private stakeholders-only mission: Run out of cash

Bankruptcy risk

B

5

5

Multiple Private stakeholders-only mission: Legal problem
with native government policy (Licensing, registry etc)

Time delays - cost overrun

E

3

2

Public stakeholders only mission - Run out of cash

Project delayed/cancellation

D

2

3

Public-Private stakeholders mission (collaboration) - Run
out of cash

C

4

6

Total failure of mission - Public only

A

2

7

Partial failure of mission on business objectives (Private)

C

5

8

Project failure due to geo-politics/military issue

Private stakeholder bankruptcy, possible high
opportunity cost for Govt., delayed project-higher
Lost opportunity cost, taxpayer's dilemma on
funding a future space mission
Loss of assets may lead to bankruptcy or investor
market confidence decrease
Failure of all space collaborations, enforcement of
strict export control regimes affecting other

9

Partial failure to develop Low TRL (low cost) on time

Severe delays and cost overruns

D

10

Partial failure to develop Low TRL (high cost) on time

Possible project shutdown

B

5 (Public)

11

Partial failure of mission on business objectives (Private)

OST/Moon treaty customs legal ramifications

A

5

12

RTG use - legal problem

Project Cancellation

A

4 (Europe),
2 (US)

13

Communication failure on a semi-autonomous mission

Payload rendered useless - mission failure

B

5

14

Communication bandwidth allocation - regulation problem

Delay of mission and cost problem

A

1

15

Failure of equipment to drill or retrieving sample

Mission failure

E
(TRL =3)

5

16

Subsystem failures

Value of science decreased

D

3
(redundancy

17

Launch, Moon injection, or landing failures

Mission failure

A

5

18

LIBS failure

Failure in science objectives 1 and 3

A

5

19

QMS and gas chromatograph failure

Failure in science objectives 1, 3, and 6

A

5

20

Dating instrument failure

Partial failure in science objectives 1 and 4

A

4

21

Mössbauer spectrometer failure

Partial failure in science objectives 1 and 3

A

4

22

Seismometer failure

Failure in science objectives 2 and 5

A

4

Probability of
Risk Scenario

Impact

B

4 (Due to
time delay)
Private (5),
Public (3)

5
4
3
2
1
1
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2.7 Summary and Limitations of the Frameworks Provided
A methodology to assess international collaborations was presented and two frameworks in
Complementary rationales and Opportunities were introduced to both independently assess the
driver elements and then assess their interdisciplinary nature.
Various elements were described in detail and a bottom-top approach was followed in building the
frameworks. Analysis was done in two parts viz. cost scenarios under the collaboration structures
section and a sample mission scenario under the results section. Both analyses reveal various
international collaboration concepts that could be taken up given a sample space mission and various
space missions could also be analyzed for respective merits and demerits in an international
environment.
Limitations and Recommendations are provided in the further sections. This is an original piece of
work and only a primitive structural framework could be defined in the limited time. But we believe it
has the potential for in depth analysis on refined international collaboration structures via quantitative
methods and also for validating mission concepts through intersection of various interdisciplinary
elements. Currently, the framework only presents the intersection of these elements, but do not
attempt to validate any mission concept based on it.
Framework Limitations:
1) Unable to predict the future given the volatile nature of policy rationales and others and thus
it is not possible to quantify the collaboration structures as best or worst.
2) The framework does not specifically mention complementary technology/capabilities or
maybe interest between the potential partners. For example, a country/company wants to
test its drilling technology while the other wants to test guidance, navigation, and control
technology. The frameworks need to be expanded to include various options and perform
various mission architecture based analysis while still having inputs from all the eight areas
mentioned above.
3) We look at a static environment, do not take into account the possible near future changes in
policy or technology. To take a dynamic environment into consideration, we would need to
include a sensitivity analysis, and how changing one parameter would affect others. Also
simulating policy based decisions is not trivial and we do not have a solution currently.
4) Hard to estimate China’s space budget or technological resources and thus hard to estimate
the extent of China’s participation in each collaboration structure proposed.
5) Given the generic nature of the framework, it does not take into account potential developing
space nations for a given mission scenario.
Results-Specific Limitations
Despite US having one of the largest space budgets, none of the current main presidential candidates
has a space policy on Moon or space mining, thus making it difficult to predict despite the suggested
collaborations. The framework mentions briefly about hosted payload (G3) and supposedly secondary
mission, but doesn’t all the possibilities in the proposed collaborations or results. To increase the
utility level of the mission and eventually attract more partners to participate, more studies can be
pursued.
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2.8 Recommendations for Future Work
The framework based methodology presented here is just a starting point and several studies,
secondary frameworks, quantitative weighted analysis, inculcation of mission architecture etc. can be
done to the analysis. More are as follows:
1) Deeper analysis of trends and directions of individual countries space policy.
2) The individual elements (A to G) in the frameworks can be quantified with a weighted analysis
perspective and then compared in the overall collaboration structures for sensitivity analysis.
3) Breakdown of private companies and corporations, including budgets, which are interested in
space mining and exploitation.
4) More consideration of the current push in the possible change of the OST, through US Bill, to
allow space mining (initially asteroids and comets). This would potentially make the private
sector more willing to participate in these types of missions. Already seeing the trend in
Luxembourg.
5) Current calculation of cost and Return On Investment (ROI) for space missions are based on
the capitalist economic system which have limitations as can be seen in the limited private
participation. Perhaps more research should be done to look into more alternative economic
systems where cost, ROI and other financial indicators are viewed differently.
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3. LEGAL FEASIBILITY AND ETHICS
Legal feasibility is an important part of assessing the overall feasibility of a space mission since legal
implications make or break the case of such a mission. Lunar drilling introduces a gamut of topics
pertaining to the space mission that are important to consider. Although there is significant amount
of work on space law and legal aspects of activities on the Moon available, a science mission that could
have a variety of drivers and motivators has not been addressed yet. In addition, long term aspects of
exploration, exploitation, property rights, and sovereignty within a variety of proposed and potential
future legal regimes for celestial bodies are discussed in-depth in literature, yet a comprehensive long
term likelihood multi-scenario analysis is a not available. Investigating that gap is necessary in order
to evaluate future risks and opportunities as a lunar drilling mission has a time horizon of about ten
years between conception and execution. Such a mission raises a number of ethical questions as well.
These are explored from mission-specific and long-term lunar drilling mission drivers and motivators.
The cumulative analysis in this chapter is applied to mission-specific scenarios to determine their
legality at the current regime and impact of potential future legal regimes.

3.1 Methodology
The undertaken approach splits the legal aspects into mission-specific, and long-term mission drivers
and motivators:



Mission Element: Any part, activity or period of the mission, including actions on the Moon,
such as drilling or depositing objects
Drivers and Motivators: Any current or future reason to embark on a lunar drilling mission in
the context of a set of single or multiple stakeholders.

In each set, the universe of possible cases is mapped and legal repercussions are associated with each
(such as exploration, exploitation, property rights, etc.). In the mission-specific analysis the scenarios
produced in earlier chapters of the report are run through this matrix to identify relevant legal aspects.
After that applicable national and international laws are used to judge legal feasibility. Besides the
specific mission aspects, the long term drivers and motivations behind are assessed in order to judge
feasibility in the context of whether various stakeholders can realize a mission in the current
international space law regime. Next, the potential future regimes are reviewed and their implications
on mission scenarios are analyzed. This is done through a standard initial foresight methodology of
status quo, new equilibrium, collapse, and transformation archetypes (Bishop & Hines, 2012). Then
existing, analogue, and proposed legal regimes are mapped against it with high-level likelihoods
investigated through literature and consulting with legal subject matter experts.
Ethics analysis is based on two pillars. The first is a literature synthesis done after an interdisciplinary
literature review appropriate for the current report’s purposes. The second is based on interviews
with subject matter experts within the field of space ethics. Both are done with feasibility of an
international lunar deep drilling mission as a key focus.
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3.2 Mission-related Legal Aspects
Regardless of what the rationales or who the stakeholders behind a certain lunar mission are, a due
diligence related to its legal feasibility are always necessary. Here, the current state of law is assumed
to hold for the mission in question and the analysis in this section is in lieu of that assumption. The
applicable law is reviewed first, after which the breakdown of the universe of mission elements is
identified along with commentary. This is followed by a filtering of proposed mission scenarios from
section 2.5 through the resulting matrix for feasibility.

3.2.1 Applicable Law
International space law has multiple sources, but currently the main ones are related to the various
mechanisms of the United Nations (UN) and its General Assembly (Lyall & Larsen, 2009). There are a
number of treaties, agreements, principles, and declarations that were produced by those
mechanisms. These are summarized in Appendix Table A-2 (Hertzfeld, 2011). The specific ones that
are more relevant from the point of view of legal feasibility of lunar missions are the ones known as
the OST, the Moon Agreement, and the Liability Convention. Another important form of international
law are the United Nations Declarations and Principles (Lyall & Larsen, 2009).
The Outer Space Treaty (OST) was signed in 1967 and is widely accepted as the de facto international
space law. Nevertheless, given the timing of its signing, at the height of the space race and during the
development of the Apollo program, it often mentions the Moon specifically (Lyall & Larsen, 2009).
The degree to which OST is considered applicable to the Moon and lunar activities depends somewhat
on one’s view of the relevance of the Moon Agreement. According to Lyall and Larsen (2009), “the
main area of controversy concerns the provision of the Common Heritage of Mankind (CHM) in MA
Art. 11.” Sometimes authors go as far as stating the agreement is “failed” and “dead” (Listner, 2011),
“obsolete” (ISU SSP, 2006), or describe it as a “tragic odyssey” (Gangale, 2009). The treatment of
property rights and distribution of benefits from exploited resources in the agreement are at the core
of the lack of interest among major space powers, mostly developed nations (Listner, 2011). Others
argue that there is a renewed interest in it, and a new impetus due to the perceived viability of
exploitation of Moon resources by various entities, including private companies (Brittingham, 2010).
In the latter scenario, the renewed interest would trigger either reformulation of the treaty, or greater
agreement among a larger portion of the international community (Gangale, 2009).
There are a few additional space laws that are applicable to any mission or launch, and therefore
considered within the context of feasibility. These are the Liability Convention and the softer
“Declaration of International Cooperation in the Exploration and Use of Outer Space for the Benefit
and in the Interest of All States, Taking into Particular Account the Needs of Developing Countries”
and “Recommendations on Enhancing the Practice of States and International Intergovernmental
Organizations in Registering Space Objects” (Dunk, 2015).
The recently opened for signatures Space Asset Protocol was developed by the International Institute
for the Unification of Private Law (UNIDROIT) and aims towards making the legal framework for
commercial space transaction to be more uniform (Sundahl, 2015). Another important development
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is the Commercial Space Launch Competitiveness Act of 2015, signed by US president Barack Obama
in November 2015 (Griffin, 2015). Although not directly related to the Moon, it drives law and policy
related to the issues of property rights and exploitation of resources in outer space, and could serve
as an important precedent. In addition, the February 2016 announcement by the government of
Luxembourg about its intention to develop “a legal and regulatory framework confirming certainty
about the future ownership of minerals extracted in space from Near Earth Objects (NEO’s) such as
asteroids” (Luxembourg Government , 2016), is also adding support in that direction.
Legal issues related to a specific mission to the Moon include exploration, the introduction of foreign
objects on the Moon, and property rights related to ownership of the apparatus and any payloads
(whether scientific or commercial). Exploration of the Moon is encouraged by current international
space laws, and there are few limitations, except for consideration of future generations and
cooperation. In fact, various states have taken advantage of this fact on multiple occasions, and has
conducted a number of missions, including crewed ones.
The set of precedents is unlikely to be the basis for customary laws. One specific limitation is related
to harmful contamination, which is to be avoided (Lyall & Larsen, 2009). Besides contamination and
general environmental concerns, lunar missions have almost become a regular space activity, and they
often leave various equipment and facilities behind. The issue discussed by various authors is the
ownership of the landed property that becomes non-functional (Pop, 2009). The property rights, when
it comes to exploration vehicles and probes, are clearer (Lee, 2012). Nevertheless, all of the domains
listed above need to be considered in detail in a potential international lunar deep drilling mission.

3.2.2 Universe of Mission Elements with Legal Implications
The universe of mission elements discussed is only limited to the ones that fall within the scope of a
robotic lunar deep drilling missions and all the associated physical and technology constraints. The list
is based on a synthesis of both a range of proposed and potential mission elements, and of laws and
legal interpretations encountered in literature. Due to the susceptibility to interpretation of existing
space law, there is a level of uncertainty related to some of the entries which are discussed later. They
are grouped in five domains for the purposes of this analysis – explorations, exploitation, property
rights, planetary protection, and general/other.
Exploration
Exploration is a category that encompasses activities related to scientific exploration or Science,
exploratory activity related to Prospecting of areas for resources, and Sampling as a separate specific
action. Science has historically been pursued on the Moon and the OST allows it as long as it is for the
benefit of all mankind and therefore shared with all nations. Prospecting is likely a less straightforward
subject as it can be interpreted as related to exploitation with varying views among nations, but would
be deemed legal if the resulting information is made publicly available. Sampling when done for
scientific purposes is legal, but theoretically selling them would not be despite precedents existing for
lunar samples (Pearlman, 2011).
Exploitation
Exploitation when it comes to celestial bodies and the Moon in particular is fairly restricted and subject
to many limitations, mostly related to OST’s Article II non-appropriation language. This is an area
where there is a heated debate related to its applicability to State and Private Entities. In the mission
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context, “entity” refers to the stakeholder and actors involved in a mission. Intergovernmental
organizations are bundled with the former for simplicity. In this framework these are a sub-category
for the following mission element – Resource Appropriation. Legality of that activity is argued to
depend on the entity pursuing it, with Private actors being allowed to pursue it and State actors barred
as a signatory entity in the OST treaty. This is a view lead and held by the US, and opposed by other
nations, including many developing nations (Griffin, 2015).
In either case it is likely going to be important in case a mission that involves resource extraction for
the purposes of exploiting resources in-situ or selling them on Earth in some shape or form, to define
the Benefit Sharing mechanism. This is important in the context of the OST, but also in the less widely
accepted (and ratified) Moon agreement. The options observed range from None for no benefits
allowed, Free For All or FFA for the actor(s) keeping all benefits, Sharing in cases where there is a
defined method of organization at an international level (e.g. licensing), or Common Heritage of
Mankind or CHM for equitable/equal distribution regardless of participation.
In contrast to Resource Appropriation, Territory Appropriation even in the context of exploitation is
widely accepted to be illegal, though this is less relevant for a specific drilling mission as it is unlikely
to perform actions that signify land claims (outside of stakeholders involve making statements).
Non-appropriation Commercial Use has many precedents in space, but not many on the Moon.
Sample potential uses could include obtaining footage for media distribution and monetization as has
been done (not always directly) with Apollo Program imagery, or delivering a payload on board that
has a commercial dimension to it, e.g. Lunar Mission One’s personal information time capsule (Lunar
Mission One, 2014). Any use case would likely be deemed legal as long as it does not break any legal
principles beyond exploitation discussed below.
Property Rights
Property Rights of objects and facilities sent to the Moon is another set of mission elements of
concern. Rights related to Movables such as samples and mobile facilities, for example rovers,
encompass issues of ownership and jurisdiction. Both are not likely to be of great concern in a specific
drilling mission as previous mission have had both of these elements and it is unlikely there will be
entities contesting either within the time frame. Also, these are part of widely accepted formal law as
OST’s Article VIII regulates those aspects. It also applies to facilities that are immovable.
Nevertheless, Immovable property goes beyond facilities and could include the land, which can be
occupied, but not claimed in terms of title. The (land) space occupied by any lander, including rovers
and drills would be in possession within reasonable safety boundary, but not owned by the owners of
the facilities and they have jurisdiction over the facilities themselves and therefore the occupied space
during the mission’s duration. It is less clear what happens with any inactive facilities later, after the
mission is complete. For example, if the leftover non-functioning facilities are collected at a later stage
by a third party would that be a legal issue? This needs to be taken into consideration but would not
constitute a barrier to executing a deep drilling mission.
Similarly, Intellectual Property is not an important execution concern as it includes ownership only,
possibly enforcement in disputes, but those are well regulated Earth-bound activities well regulated
by UN’s WIPO (Dunk, 2015).
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Planetary Protection
Planetary Protection relates to various forms of harm to a celestial body that could result from a
mission. In the specific mission case, Drilling/Extraction is likely to be minimal and not enough to
constitute such harm and it has been done on the Moon before During the Apollo program.
Biological Contamination prevention is more strictly followed, therefore mission elements that could
cause it, should be avoided. An example would be a commercial time capsule with actual DNA
(opposed to just information) buried during the deep drilling mission.
Nuclear Power use on the other hand has just as much harmful potential, but could be justified for
certain cases where alternatives are unavailable. The risk of contamination still exists though, and such
use might be opposed by actors on Earth, including along legal dimensions. The broader planetary
protection topic is also within the purview of Committee on Space Research (COSPAR) planetary
protection panel, where the Moon is given Category II status (COSPAR, 2002). This means that any
mission needs to prepare planetary protection planning documentation for any mission if COSPAR
guidelines are to be followed.
General/Other
General/Other mission elements with legal implications include Registration and Frequencies
Acquisition, as well as Authorization/Licensing, and Liability Compliance. These are relatively trivial
and applicable to any mission, so they are less of a focus within the current study with specific space
faring nations summaries provided in Appendix Table A-2. Militarization is viewed here as
“weaponization”, military testing or action, and other heavy military activities; this excludes
introduction of military personnel or application of military technology for peaceful purposes. It is
outside of the boundaries of OST and therefore illegal. Technology Exports Regulations and
Launch/Liable State issues (single or multiple entities involved, launch versus liable states, etc.) are
also of concern, but require more specific mission details beyond the scope of this report. For the
report’s purposes, any lunar deep drilling mission will be assumed to be setup in a way that does not
cause legal concerns.

3.2.3 Selected Mission Scenarios Elements
The current legality of each element is summarized in Table 3-1 along with whether it is present within
each mission scenarios proposed in 2.5. Each case is considered in its broadest applicable set of
elements. This framework can be used to analyze the legal feasibility of other mission scenarios,
should any be considered. To summarize, the currently analyzed cases are:
1) Europe and/or Russia and/or China: Drilling mission as an E1-G1 science mission with E2
and E4 minor commitment for lowering H6 and H4 risks with E1 to E2 technology transfer.
2) US space vision on Public-Private Partnership: Possible C1 + B7 = D3 push by US’
government into A2 privatization policy, keeping in mind an A6 military agenda for Moon.
This includes secondary E1 actors in Europe and Japan, and a greater potential for
extending the current Public-Private partnership in the US.
3) China’s probable vision on leading the Moon race: A Chinese A1-D5 push into B2-G1-G2
puts forth a collaboration potential with any developed space actor to complement on F3,
Funding, lower H2 risk, less E2 funding. This scenario has higher risk in A4-H1 for the US.
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The short definition of the rationales (e.g. A1, D3, H2, etc.) are provided below. Please see sections
2.2 and 2.3 for detailed definitions of the various rationales.

Table 3-1: Legality of the broader set of potential mission elements across mission scenarios
1 =“Europe and/or Russia and/or China”, 2 =“US space vision on Public-Private Partnership”,
3 = “China’s probable vision on leading the Moon race”

3.3 Long-term Drivers and Motivation Legal Aspects
Regardless, of whether the specific mission proposed is legal or not, it is important to explore the long
term drivers and motivators embedded within the rationales across any set of stakeholders that could
achieve that mission. The framework below is developed to serve as a basis for any potential funders
or investors of such a mission to make a better-educated decision. After it is introduced, the report
continues with a review of the few potential scenarios highlighted in section 2.5., but would be
appropriate to be applied in a broader set of cases.

3.3.1 Universe of Drivers and Motivators
The universe of drivers and motivators are intentionally labeled differently than the rationales
framework in Chapter 2 to separate the two. Here, drivers and motivators are defined in the context
of potential legal regimes discussed later on. A number of them are similar in definition as the mission
elements with legal impacts, but the overall focus is on issues that are a point of discussion within long
term legal regime decision making. This framework also excludes certain well-defined and wellaccepted legal aspects that are generally agreed on to stay as is within international space law long
term. For example, launch registration, liability, etc. The below list focuses on modifications to the list
used for mission element legality.
Exploration
Exploration involves the same previous Science, Prospecting, and Sampling entries.
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Exploitation
Within Exploitation, there are a few additional details – in particular, Resource Appropriation refers
to extracted resources, not to the source itself, Land Use is introduced a separate issue (e.g. occupying
it to build a space hotel), and Licensing/Registration is added as a differentiator of regimes that
introduce licensing or registration entities for exploitation.
Property Rights
The long term aspects of Property Rights revolve around title claims on Land/Airspace/Subterranean
areas on the Moon, ownership and jurisdiction over Facilities (with movable and immovable are
combined for simplicity), and Intellectual Property (including issues relate to spin-offs, export
controls, transfer of technology requirements in some cases related to benefit sharing from
exploitation). The latter two have many aspects that are well-defined and accepted, but are kept in
the framework for completeness and two showcase availability of information across the various
potential future legal regimes.
Planetary Protection
Another set of important legal aspects is related to Planetary Protection. This list is expanded
compared to the one used for assessing legality of mission elements since long term drivers and
motivators for various stakeholders introduce many new issues beyond what a specific lunar deep
drilling mission does. One element, nuclear power, was removed as it is assumed to stay in a similar
state legally, and it did not serve as a differentiator in the legal regimes identified. For the purposes of
this framework the other issues reduced to as yes or no labels – yes, in case true or allowed or no, in
the opposite case).
Drilling Permitted refers to issues of damage resulting from drilling or extraction, for example, by
mining operations. Space Occupancy/Human Presence is related to legality of humans being present
on celestial bodies and the Moon in particular. Bio Contamination Prevention is identifying explicit
mentioning within a legal regime that extremely strict rules of prevention similar to the current statusquo one.
The last one, Preserved Site, refers to cases where a significant portion or the entire Moon are given
a status equivalent to preserves, national parks, UNESCO sites or international special territories, and
needs to be protected in a similar manner. The broader topic of planetary protection is addressed
extensively in the ISU MSS 2016 “sister” team project “The SEDNA Report” (Kaethler & Illife, 2016).
Rule of Law
This is a new category introduced by various potential long term drivers and motivations for a lunar
deep drilling mission. It replaces the previously used General/Other and is a broad collection of issues
that in some way associated with establishing or implementing rule of law. These includes Full
Sovereignty (including an area on the Moon within a country on Earth), Self-Governance (establishing
a legal and governing structure on the Moon with some level of independence from Earth),
Militarization (definition similar to the one for mission elements in section 3.2.2), Settlements
(whether individual settlements are allowed or regulated in some way), and Private Territory
Appropriation (actually claiming the title of a territory by private entities with jurisdiction
implications).
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3.3.2 Mission Scenarios Stakeholders Drivers and Motivators
It is important to analyze the rationales of recommended collaboration structures proposed in section
2.5 and following Framework 1 in section 2.2 since the feasibility of realizing them is affected by
intended actions and their long-term legality. These are subjected to a filter identifying the individual
rationales relevant to the framework in the previous section 3.3.1 and are displayed in Table 3-2. This
is done on a broad interpretation of their scope, always allowing for activities on the Moon itself to
encompass potential legal impacts arising from them. For example, “Any privatization initiative (C1C3, C5)” assumed to cover both Earth-bound activities such as privatization of governmental launcher
production facilities, and private development of cislunar economy in the long run. After all rationales
listed are analyzed for legal impacts, they are mapped to potential long-term driver and motivators in
Table 3-3.

Table 3-2: Rationales of mission scenarios based on the recommended collaborations relevant to
long-term legal impacts identified and separated from others (others in grey)
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Table 3-3: Mission rationale impact analysis across legal domains and elements.

Domain

Mission Scenario

1. Europe and/or Russia
and/or China

2. US space vision on
Public-Private

3. China’s probable vision
on leading the Moon race

Element

Impact Related Rationales

Impact Related Rationales

Impact Related Rationales

Science

Exploration

Prospecting
Sampling





State
Private
Benefit Sharing

Exploitation

Licensing/
Registration
Resource
Appropriation
Land Use
Non-appropriation
Commercial Use

B1, D1, G1

N/A

C1, C2, C3, C5
B1, C1, C2, C3, C5,
D1, G1
N/A








C1, C2, C3, C5

A3, C1, C2, C3, C5

C1, C2, C3, C5

Land/Airspace/
Subterranean

Property
Rights

Facilities
Intellectual Property
Drilling Permitted

Planetary
Protection

Space Occupancy/
Human Presence
Bio Contamination
Prevention Ignored
Not a Preserved Site










B1, C1, C2, C3, C5, G1
A3, B1, C1, C2, C3,
C5, D1, G1
C1, C2, C3, C5,

B1, C1, C2, C3, C5

C1, C2, C3
N/A
















A2
B3, B7, C1, C2, C3

A2, B3, B7, C1, C2, C3

A2, B3, B7, C1, C2, C3
B3, B5, B7, C1, C2, C3
A2, B3, B4, B5, B6,
B7, C1, C2, C3
B7, C1, C2, C3
B3, B5, B7, C1, C2, C3
B5, B7, C1, C2, C3
B3, B5, B7, C1, C2, C3



















B1, B4, B7, G1, G2
B3, B7
B1, B4, B7, G1, G2
B2, B3, B7, G1, G2
B3, B7, G1, G2

B2, B3, B7, G1, G2

B3, B7, G1, G2
B2, B3, B7, G1, G2
B1, B2, B3, B4, B7,
G1, G2

B1, B2, B7, G1, G2
B1, B2, B3, G1, G2
B1, B2, G1, G2
B1, B2, B3, B7, G1, G2

Full Sovereignty
N/A

Self-Governance

Rule of Law

Militarization

N/A

N/A



Human Settlements
Private Territory
Appropriation

International Space University

B2
N/A

45

MSS 2016

Luna Hathor

Legal Feasibility and Ethics

3.4 Potential Scenarios for Legal Regimes for the Moon
3.4.1 Future Scenarios Archetypes
There are four future scenario archetypes according to one of the most widespread strategic foresight
and future studies – Status-quo, New Equilibrium, Collapse, and Transformation (Bishop & Hines,
2012). These are defined as follows for the purposes of this report in the context of space law:
I ) Status-quo: The current legal regime carries on without any adjustments with the OST
remaining as the general law, and the Liability Convention, the Moon Agreement (with similar
low ratification rates), etc. serving as specialized laws.
II ) New Equilibrium: The existing legal regime is modified and/or expanded in an incremental
manner with the OST and the Moon Agreement mostly impacted (this could include both
more restrictive and more liberal changes).
III ) Transformation: Complete overhaul of a major part or parts of the current legal space
regime(s) with significant implications for exploration, exploitation, property rights, and/or
sovereignty in space and on celestial bodies.
IV ) Collapse: Increased hostility in the international community and national interest prevail and
a slew of precedents of unilateral ignoring or breaking international space law and customary
practices leads to a Wild West scenario.
These four groups are produced by using two key underlying uncertainties. The first is Level of
Collaboration related to Moon legal framework, which varied between +2 for complete cooperation
to -2 for deep confrontation with the current level assumed to be at 0. The second is Level of Change
of legal framework related to the Moon in the context of increased enablement of activities via some
form of legalization or regulation, which varies from 0 for the current status to +4. Scenarios in which
the metric is negative, although hypothetically possible are deemed unrealistic and are therefore
omitted for practical purposes. This is based on the enormity of consequences of essentially
criminalizing a number of activities in space with a long history and vested interest. This framework is
later used to map potential legal regimes to these general archetypes using the landscape and
boundaries provided in Figure 3-1.

Figure 3-1: Archetype landscape mapping framework for potential future legal regime scenarios
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3.4.2 Potential Legal Regimes
The potential legal regimes for activities on the Moon can generally be divided into three groups –
regimes based on existing or historical space law frameworks, analogues that can be applied to space
and celestial bodies in particular, and newly proposed frameworks, including scenarios originated for
the purposes of this report. Existing frameworks include the status-quo OST-based law, variations of
the Moon Agreement, as well as the pre-space law lawless state (conversely, “Wild West”). Relevant
analogues can also be transformed into scenarios. The Antarctica Treaty has been proposed on
multiple occasions as an analogue to space and, in particular, the Moon (Lyall & Larsen, 2009). In
addition, Tronchetti (2015), Lee (2012), and Brittingham (2010) and many others explore the Earthfocused United Nations Convention on the Law of the Sea (UNCLOS) along with the space-focused
legal traditions for the limited resources in GEO as potential analogues on which to base Moon
activities laws. Many law studies and initiatives have explored options for the new realities of the 21st
century, especially with regards to the Moon. Gangale (2009), Lee (2012), Pop (2009), White (1998),
and Tronchetti (2009) have all proposed or overviewed various legal frameworks. Most of these are
competing and controversial, and are often not compatible. These points are part of the lingering
uncertainty of future lunar activities beyond exploration. Gangale (2009) also explores and critiques
lunar Republic Society’s Lunar Settlement Initiative. Additional frameworks such as a Credit System
have also been suggested for the Moon (Coffey, 2009). The scenarios generated from all frameworks
are summarized in Table 3-4.
Table 3-4: Potential scenarios based on identified possible future Moon legal regime frameworks
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Individual issues such as dispute settlement mechanisms, legal risks of mining operations, and others
have also been analyzed by various authors, but the report focuses on complete frameworks that
capture most of the core issues identified in section 3.3. These issues along with their relevance to
specific regimes are summarized in Table 3-5.

Table 3-5: Potential future legal frameworks against factors impacting drivers and motivators
Framework Type

Science

Exploration

Prospecting
Sampling
State
Private
Benefit Sharing

Exploitation

Licensing/
Registration
Resource
Appropriation
Land Use
Service Provision/
Industrial Activity
Land/Airspace/
Subterranean

Property
Rights

Facilities
Intellectual Property
Drilling Permitted

Planetary
Protection

Space Occupancy/
Human Presence
Bio Contamination
Prevention
Preserved Site
Full Sovereignty
Self-Governance

Rule of Law

Militarization
Human Settlements
Private Territory
Appropriation

Key:

OST/Status-quo
Scenario

Moon
Agreement

Modified Moon
Agreement

US-Luxembourg
Mining Laws

Collapse of
International Law

Antarctic
Analogue

Law of the Sea
(Deep Seabed)

GEO Regulations
Analogue

Credit System
Analogue

Luna Gaia
Settlement

SSPA/SSI

Preserve/
UNESCO Site

Domain

Proposed

Analogues

Existing

1

2

3

4

5

6

7

8

9

10

11

12

    
?    
    

   
  N/A 
  N/A 

  
  
  

    
?    

   
   

  
  

FFA

None Shared Shared CHM

None

CHM

?
? 
 
 ?

N/A

Shared

FFA

 N/A N/A
  
  
  

  
  
  






  
  
  
?  ?
  















FFA
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None

 ? 
  
  
  ?

   
   
   
N/A N/A N/A
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  N/A 
   

N/A

   
   
   
  N/A ?
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 ?  ?
   

    
    
    

Shared



?






N/A






?


  
  
 N/A 
  
  ?
  
 N/A 
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Each framework has been assigned Level of Change and Level of Collaboration scores and placed
within the landscape of section 3.4.1 and the results are presented in Figure 3-2. The Level of Change
is based on the number of maximum possible changes from status-quo normalized to the horizontal
dimension range. The Level of Cooperation is based on the driver and motivation domain groups with
linearly increasing weights from Exploration to Rule of Law, also normalized to the vertical dimension
range.

Figure 3-2: Reviewed legal regime frameworks applicable to the Moon mapped against future
scenario archetypes

Most reviewed potential legal regime frameworks are clustered together within the high-collaboration
area between the New Equilibrium and Transformational archetypes. Five are completely within the
Transformational archetype, four are within the New Equilibrium one, two are in the Status-quo area,
and one is in the Collapse one. This is not necessarily indicative of likelihood of the associated
archetypes, but exemplifies the general research direction of scholars and organizations. Increased
cooperation and significant change compared to today’s status-quo is the expected norm within the
majority of frameworks. The greater the distance between the origin point on Figure 3-2 (“statusquo”) to a certain scenario, the greater the effort necessary.

3.4.3 Impact on Recommended Collaborations
The compatibility of Recommended Collaborations (mission scenarios) discussed in section 2.5 and
the set of legal frameworks reviewed is assessed using the results from analysis in 3.3.2 and
performing a holistic analysis using heuristic rules across applicable long-term drivers and motivators.
The rules include analyzing to what extent the presence of a driver or motivator and its legality
according to a given legal regime framework is relevant to the overall success of that collaboration. In
cases no or only limited information is available on how the regime deals with a certain legal aspect,
the collaboration is assumed legal along that aspect’s dimension. Results from applying all the rules
described above are then aggregated to a come to an overall high level compatibility. Priority is given
to the most compatible ones with the least amount of negative consequences for the broader
international law (e.g. eroding confidence in it). The results of the analysis are displayed in Table 3-6.
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Table 3-6: Compatibility of recommended collaborations and potential future Moon legal regime
frameworks

The recommendations coming from this section are for the stakeholders involved to pursue
establishing new legal regimes applicable to the Moon that are related the corresponding mission
scenarios. The Modified Moon Agreement, Law of the Sea (Deep Seabed or UNCLOS), and Luna Gaia
Settlement legal regimes are common across the high priority compatible cases, and therefore could
be best positioned for cooperation among the superset of stakeholders across the three scenarios.

3.4.4 Cooperation Requirements for Establishing a New Legal Regime
Most international cooperation in creating legal frameworks so far has been done through UN
Committee on the Peaceful Uses of Outer Space (COPUOS), which has worked on the main treaties,
agreements, principles, and resolutions mentioned earlier. Its members are sovereign states, and its
decisions are based on the consensus principle, which leads to avoidance of language favoring
particular solutions. The International Law Association (ILA) on the other hand has not needed to take
into account these sensitivities, and is largely expert-based (Marboe, 2015). It is generally agreed that
the UN and COPUOS in particular are central to creating legal basis for space activities internationally,
so proposed legal frameworks will have to pass through them to become formal law.
Specific intergovernmental organizations dealing with more topical foci are the International
Telecommunication Union (ITU) (focused on registration and allocation of radio frequencies), World
Trade Organization (WTO) (focused on trade issues and dispute settlement), and UNIDROIT (focused
on aligning private space law internationally), and WIPO (focused on harmonization of intellectual
property rights internationally), among others (Dunk, 2015). These cooperation organizations have
great importance on the various aspects of legal feasibility of a Moon mission. Beyond that, most of
them are the backbone of the space governance, and need to be interacted with to conduct activities
in space. In fact, it is often a requirement (Al-Rodhan, 2012).
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Cooperation requirements vary across the four general archetypes of future scenarios for legal regime
frameworks for the Moon. Establishing new legal regimes is a long and complex process. The
complexity of undertakings involving several governmental entities have been shown to grow
exponentially rather than linearly with the addition of actors (ISU MSS, 2006). International legal
regimes are even harder and required more time as multiple cases related to climate change and space
law have shown over the past century. Negotiations can take decades and have limited results. That
is why it is recommended to start them early and move from asteroid mining-specific to celestial
bodies with the Moon as a focus. The future scenario archetypes in order of decreasing complexity
are as follows:


Transformation cases: Highest level of cooperation with involvement of the UN, its sister and
subordinate organizations, as well as other intergovernmental organization across a variety of
domains. The major space powers (and permanent UN Security Council members) need to be
aligned on a common path. An estimated timeframe could be 5-10 years or more.



New Equilibrium cases: Still has a high level of cooperation or at least at the level of current
status Quo. The majority of the international community needs to be involved, but the
changes necessary are smaller and cause less divide and are therefore quicker to reach a
consensus. Even if not all space powers are in agreement a majority establishing a customary
practice might be also possible, so timeframe could be 5-10 years or more to establish it.



Status-quo cases: Keeping the current legal frameworks or slightly adjusting requires little to
no effort in the case that there are no actors pushing for change. Nevertheless, achieving that
might take as much effort as a potential cooperation on evolving frameworks as the same type
of consensus needs to exist.



Collapse cases: Destroying international legal systems is not as easy as it might seem as there
are a multitude of mechanism, including sanctions and military action to restore them. A single
actor ignoring space laws would not be enough to bring about this archetype. To some extent,
there needs to be consensus around bringing down the current space law system among
major powers and it could take as little as 1-2 years or anywhere up to 10 years to achieve
depending on the intensity of the actions eroding international space law.

3.5 Ethical Dimensions of Mission Scenarios and Motivations
“We are the way of the cosmos of knowing itself”, said the late great astronomer Carl Sagan (Cosmos:
A Personnal Voyage, 1980). Luna Hathor will not only be a mission which requires politics and will
submit to international treaties and law, but should also be ethically aware of its importance. Indeed,
discussion with space ethics expert Jacques Arnould highlighted the importance of ethics as a driver
of this mission. Potential ethical hazards of this mission and the enabling power of ethics will be
analyzed.

3.5.1 Mission-specific Ethical Aspects
Space debris is the most significant ethical hazard posed by our mission as it will contribute to the
ever-growing swarm of debris around the earth (Arnould, 2016). However, the addition of a small
amount of debris in an orbit unlikely to intercept with orbiting satellites is not of significant concern.
Only the surface elements of the mission may then pose a problem in terms of space debris. Another
important question that needs to be addressed is the detritus that can be left on the surface without
harming the near pristine world. According to a panel discussion with Mr. Jacques Arnould, those
elements shall not be considered too harshly: they hardly harm the environment, and even if some
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precautions regarding the cleanliness of the spacecraft will have to be taken in order not to
contaminate the samples and the potential volatile element basins. The fact that the Moon is, in all
likelihood, devoid of life, makes it less of an ethical problem (Arnould, 2016). If this mission is the first
step toward a potential human settlement, no element of this mission should harm future human
visitors, or potentially harmful elements are accounted for.
One of the other potentially limiting elements is the idea of excessive pride and self-confidence or
“hubris”. Is the human race, like in the myth of Icarus, going too far, too high, too soon, while
projecting its future on a new world without having settled all the problems that plague its present?
Will mankind burn its wings trying to reach the Moon, like Icarus trying to reach the sun? It is a problem
in the context of outer space: humanity should not disturb the Cosmos as a whole, the Cosmos being
a perfect and pristine place (Arnould, 2001). Nonetheless, even in ancient Greece, a distinction was
clearly made between “Sublunar space”, the territory of mankind, and “supralunar space”, territory
of the gods (Aristotle, 350 BC). The Moon, being situated on the frontier between the sacred and the
secular world, should not concern itself with the idea of transgression, which requires caution. The
robotic Luna Hathor is only going as far as humans have ever been, and according to some, as far as
they should ever go (Massey, 2015).
In ethical terms, heavy planetary protection measures for Luna Hathor makes little to no sense, given
the infinitesimal chance that life could have appeared on the Moon surface, as confirmed by the ISU’s
Astrobiology team which is currently working on planetary protection (Kaethler & Illife, 2016). The
likelihood of life having emerged or capable of emerging eventually is not significant and therefore
imposing more on our mission than the legal obligation (COSPAR, 2002) is not deemed necessary
(Arnould, 2016). In summation, our mission poses no serious direct hazardous threats in terms of
ethics.

3.5.2 Ethical Aspects of Long-term Rationales
There are different philosophies of exploration in the various cultures of the world. Speaking about
“colonizing” the Moon can often be considered as offensive, being given the terrestrial history of
colonization, but the idea of exploration is usually seen as a positive and driving one. Some researchers
even think it is a necessary one, an enabling idea, one that is dangerous to forget (Schwartz, 2011).
For exploration is a force that can potentially bring people together, and is more rewarding in the end
than the mere added value of the forces that brought the endeavor together. “We choose to go to the
Moon” said J.F. Kennedy in 1961, but even at the height of the Cold War, American astronauts went
to space “in peace for all mankind” (Johnson, 2008). The same kind of responsibility will fall on Luna
Hathor, as it will explore a yet unknown landscape, one that could potentially harbor a future
settlement of humans. As the first mission to get there, its responsibility is immense: to uncover the
secrets hidden on the South Pole of the Moon, and allow the people of Earth to make decisions
according to that data.
Given this particular destination, which is theoretically the most habitable zone of our satellite, human
missions could eventually be planned to follow. This would create more issues than a simple robotic
mission, a human mission imposing a number of additional constraints in terms of planetary
protection (Kaethler & Illife, 2016). The problem with humans on other celestial bodies is the capacity
they have to contaminate samples with imported material. There is little chance that they may disrupt
any biosphere on the Moon, but they may disrupt a certain balance in the potential deposits of
cometary water in the craters of the South Pole shielded from sunlight, possibly hindering the
discovery of proofs of the origin of life on Earth. Measures of planetary protection will have to be
discussed if follow-up missions are ever to be undertaken.

International Space University

52

MSS 2016

Luna Hathor

Legal Feasibility and Ethics

Another important aspect of ethical concern is the exploitation of resources on the surface of the
Moon, also called In-Situ Resource Utilization (ISRU). This will likely prove to be very important for
the progress of the exploration of the Cosmos, but poses several ethical issues that need to be
addressed. First of all, ISRU may destroy valuable scientific material forever. This is particularly
important related to potential water deposits present on the Moon, and eventually for the potential
resources present on the surface of the Moon (see section 2.2.2 for Scientific Rationales). In addition
to the legal and ethical problems of commercialization of outer space resources, mining could harm
the look of the Moon itself. Indeed, big machines which only exist in the realm of science-fiction
nowadays (Moon, 2009) could potentially create big marks on the face of the Moon, scars which
would be noticeable from Earth. Defacing the Moon is an ethical problem that should be considered
as our mission may have commercial applications in the future (see section 2).

3.6 Summary
In conclusion, all mission scenarios proposed by this report should be legally feasible or adjustable to
become such. However, not all conceivable mission elements would be legal (e.g. selling delivery of
DNA to the Moon). Also, it is important to be aware that not all collaboration rationales lead to drivers
and motivators that are legal under the current international space laws. Future legal regimes might
open up new possibilities. The pursuit of those regimes is within the hands of the international
community and the report proposes prioritizing regimes such as the Modified Moon Agreement, Law
of the Sea (Deep Seabed/UNCLOS), and Luna Gaia Settlement. This on the other hand leads to
cooperation requirements that are assessed at a high level. The general recommendation is to start
collaboration as soon as possible in order to legitimize some of the long-term drivers and motivators
associated with the recommended mission scenarios. Beyond the strictly legal aspects, the specific
mission does not raise significant ethical concern beyond space debris issues. On the other hand, the
long-term rationales behind it do, including such issues as de-facing of Moon surface, planetary
protection choices, human presence and activities, and preservation of scientifically valuable areas.
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4. SCIENTIFIC RATIONALES
Luna Hathor differs from a typical space exploration mission in that science is not a main driver, but
rather provides added value to the mission. This is due to the interdisciplinary nature of the mission,
which places the main focus of the project on international collaboration, and policy and industrial
aspects of the mission. The scientific objectives of the mission will then be subordinated to other
considerations, namely engineering and economic considerations. The engineering goals are:


Achieve a soft landing on the surface of the Moon



Drill and extract samples from at least 20 m below the surface



Deliver information about those samples to Earth by sample return or in-situ analysis.

The goal of drilling 20 m below the surface places very tight constraints on the design of the mission,
and already establishes what kind of samples can be accessed for scientific analysis. This goal, of
economic and technical nature, will therefore be the main driver of the mission, and the scientific
aspects will have to accommodate the drilling constraint.
The approach to the Luna Hathor mission from a scientific perspective is therefore different than the
usual approach for a space exploration mission. Typical exploration missions start by determining
which gaps in the knowledge base about the target celestial body are more pressing for the science
and exploration community, and then a mission is designed around those science objectives to best
accomplish them. For Luna Hathor, economic and technical goals defined the mission, and our
approach sought to add value to it by identifying critical knowledge gaps that could be accomplished
with our mission design. This way, the scientific output of the mission could be maximized, without
compromising other disciplines.

4.1 Selection of Scientific Objectives
Since other aspects of the mission were decided based on technical grounds, as seen in section 5 (e.g.
drilling constraint, no sample return), the scientific objectives will only influence two key aspects of
the mission: the landing site, and the type of sample analysis. These will be decided by the selected
knowledge gaps that the mission will cover. The science team decided then to focus on identifying
these gaps and which kind of instruments would be needed to cover them.
After an extensive literature review, the team found that the Committee on the Scientific Context for
Exploration of the Moon by the National Research Council in the USA provides in their report The
Scientific Context for Exploration of the Moon (SCEM) (Committee on the Scientific Context for
Exploration of the Moon, 2007) the most comprehensive compilation and description of scientific
knowledge gaps regarding Moon exploration. This report covers all the most pressing scientific
objectives for the exploration of the Moon, detailing possible landing sites, types of analysis, and types
of missions that would accomplish them, as well as a prioritization of the objectives for future missions
to follow. Selecting objectives from this report guarantees that Luna Hathor would address pressing
scientific questions, and provides relevance to the mission. This decision is in line with how other
missions to the Moon selected their scientific objectives, such as NASA’s Lunar Reconnaissance Orbiter
(Vondrak, et al., 2010), ESA’s Lunar Lander (Carpenter, et al., 2013), and even Lunar Mission One
(Lunar Mission One, 2014). Other missions such as NASA’s Lunar Prospector (NASA, n.d.) and Japan’s
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SELENE (Hasebe, et al., 2008) present scientific objectives that are also in line with the SCEM report,
even though they were decided before the report was created. This highlights the relevance of the
report, and further backs our decision to base our selection of objectives on its results.
The Science Team analyzed the results from this report, classified the knowledge gaps in different
Regions of Interest (ROIs) for a possible landing site, and prioritized the gaps according to both their
interest to the community and their relevance to our mission design. The result was a list of general
scientific objectives for a drilling mission, independent of the landing site, plus a list of objectives for
each of the different ROIs. These different ROIs could then be traded off considering other aspects of
the mission (mainly technical and economic aspects), and in the end one ROI and the final set of
objectives was created.
Finally, a sample payload was created for the selected set of objectives. The selection of instruments
was based on past and planned surface missions to other bodies. This serves to guarantee a certain
TRL and feasibility for the mission, as well as to create estimates of mass constraints for the payload.

4.2 Regions of Interest and Science Objectives
Analysis of the SCEM report identified three Regions of Interest for the Luna Hathor mission: the South
Pole-Aitken (SPA) Basin, including its surroundings, the South Pole Region, namely the vicinity of the
Shackleton Crater and the peaks of eternal light, and the maria regions, i.e. a number of interesting
craters in the lunar maria of the near side. These three regions were where a majority of the
knowledge gaps of the Moon could be addressed, and each of them could benefit from a drilling
mission. This is not to say that other regions of the Moon are not scientifically interesting (basins other
than SPA have a similar level of interest, and any exploration of the far side would have breakthrough
potential), but the intention was to limit the analysis to the most interesting regions while still having
a general overview of the scientific potential of different places in the lunar surface.
Apart from that, a number of recommendations of the SCEM Report (Committee on the Scientific
Context for Exploration of the Moon, 2007) are completely independent of the landing site and can
be accomplished at any chosen landing site.

4.2.1 General Science Objectives
An analysis of the recommendations yielded two pressing scientific objectives for a drilling mission
anywhere on the Moon. These are listed below and discussed immediately after.
1) Variety, age, distribution, and origin of lunar rocks can be studied.
2) The vertical extent and structure of the megaregolith could be determined.
The composition of the lunar crust is not yet known. The ground-truth from the Apollo and Luna
missions is concentrated in a small region, and they do not reflect the diversity of lunar rocks and
formation processes. Understanding the processes, locations, and timescales that originated the
different types of rock and created their present distribution will help predict the presence and
concentration of possible lunar resources for future use, as well as shed light into the geologic
processes that worked on the Moon after the primary products of the magma ocean formed
(Committee on the Scientific Context for Exploration of the Moon, 2007).
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Large impacts could have brought material from as deep as 200 km to the surface and spread it all
over the Moon. The early bombardment could have fragmented and mixed crustal materials to depths
of several kilometers or more. This highly fragmented, partially melted, and subsequently compacted
material forms the megaregolith, and the melted material can flow to long distances. Although
researchers probably have samples of megaregolith in the form of impact breccias, they have not
directly sampled this ubiquitous unit of early lunar surface evolution. Detailed studies of ejecta from
major basins, along with geophysical probing of the existing megaregolith, will be needed to
determine the nature of the megaregolith and its relationship to underlying, unaltered crust
(Committee on the Scientific Context for Exploration of the Moon, 2007).

4.2.2 South Pole-Aitken Basin
The SPA basin is the largest and oldest recognized impact basin on the Moon. Some scientists even
declared that SPA is potentially the largest impact crater in the Solar System (Stuart-Alexander, 1978).
It was named for two features on opposing sides: the crater on the northern end, and the lunar South
Pole at the other end. Its diameter is roughly 2,500 km and the depth is more than 8 km. The SPA Basin
is shown in Figure 4-1 in red color. Although it is an interesting area for scientific purposes, no lander
has visited it. Figure 4-2 gives a more detailed view of the region.

Figure 4-1: Location of the Spa basin (red) in cylindrical projection centered on the near side (left)
and orthographic projection centered on Spa (right) (Kring & Durda, 2012)

Scientific relevance
We identified five major scientific questions that can be answered at the SPA Basin and which are
relevant to the Luna Hathor Mission.
1. The precise age of SPA Basin could be inferred.
Although it is agreed that the SPA Basin is the oldest basin on the Moon, we still do not know its precise
age, since we have not determined its age by the isotope dating method yet. SPA is a critical calibration
point for subsequent relative age dating of the Moon, which is the basis for absolute dating not only
of the lunar surface, but also of other planetary surfaces (Committee on the Scientific Context for
Exploration of the Moon, 2007). To precisely determine the age of SPA, samples with impact melts
derived from the ancient impact must be returned or analyzed in-situ. However, excavated lunar
mantle material may be covered by lunar soil and basalt, but later formed impact craters can expose
new lunar mantle. Thus, SPA basin is an ideal area to detect and study the deep lunar crust and mantle
(Xiao, et al., 2016). In order to do that, a deep drill is necessary, because subsequent multiple impact
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events displaced the original samples. Thus, from the regolith we can just get the latest sample, which
is much younger than the Moon's age.
2. The cataclysm hypothesis can be tested in lunar basins.
The early history of the Moon is still not well understood. The Cataclysm Hypothesis (commonly
referred to as the Late Heavy Bombardment, LHB), describes a period of time roughly 3.8–4.1 Ga
during which a large number of impact craters are believed to have formed. By analyzing returned
samples from the lunar surface and crater statistics, the lunar chronology curve is well constrained,
with small errors in the age range from about 4.0 Ga to 3.0 Ga. However, major uncertainties still exist
for the pre-Nectarian period (more than about 4 Ga) and for the Eratosthenian and Copernican periods
(less than about 3 Ga). With current available data, it is impossible to decide whether a cataclysm
occurred or whether the cratering rate smoothly declined with time after the accretion of the Moon.
This controversy is extremely important because it affects not only lunar science, but the
understanding of the entire Solar System. Determining the ages of impact-melt rocks from the SPA
Basin and major impact basins within the SPA Basin will probably resolve this issue. The precision
required to date these events accurately requires isotopic analysis of well-chosen samples in
terrestrial laboratories (Committee on the Scientific Context for Exploration of the Moon, 2007).
3. The thermal state of the interior of the Moon can be studied.
Data concerning interior structure and dynamics are difficult to obtain but are worth considerable
effort to do so. Although we have sent numerous orbiters to the Moon, we have no method to get the
inner lunar component by remote sensing techniques. If we can get samples of mantle rocks, from the
deeply excavated SPA Basin by drilling, it is possible to obtain detailed information about the lowercrust and perhaps even upper-mantle composition through geophysical measurements. Due to the
limitations of a drill, in order to get the structure of the mantle and core, seismology will be a sensitive
tool for determining the deep internal structure (Committee on the Scientific Context for Exploration
of the Moon, 2007). So far, no lunar missions has provided enough information on the topic.

Figure 4-2: Lunar Reconnaissance Orbiter laser altimetry map of the immense South Pole-Aitken
(SPA) basin; blue and purple denote the lowest places on the Moon (Portree, 2012)
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4. The composition of the lower crust and bulk Moon can be determined.
It is believed that the SPA Basin may have excavated or melted the lower crust of the Moon or may
possibly even provide a window to the lunar mantle. However, until now no lander has landed on it
since it is located on the far side of the Moon. It can be expected that sample analysis could provide
direct knowledge of rock types, lithological associations, chemical compositions, crystallization ages,
and depth constraints. This information will provide important constraints in interpreting seismic and
heat flow data as well (Committee on the Scientific Context for Exploration of the Moon, 2007).
List of objectives for South Pole-Aitken Basin:
1)
2)
3)
4)

Infer the precise age of the SPA Basin, and dating the Moon by gathering and analyzing
samples from the initial forming period of the basin
Determine the ages of impact-melt rocks from the SPA Basin and major craters within the
SPA Basin, in order to test the cataclysm hypothesis
Study the thermal state of the interior of the Moon by analyzing drilled samples and
seismology
Determine the composition of the lower crust and bulk Moon by drilling

4.2.3 South Pole Region
The South Pole is one of the most interesting sites to verify existing theories associated with volatiles
dynamics and atmospheric processes of the Moon. The poles of the Moon provide a unique location
with a special environment (permanently shadowed craters and peaks of eternal light), which may
contain evidence of the volatile flux on the poles over the latter period of the history of the Solar
System.
The pronounced topography and the angle of inclination of the Moon’s spin axis result in permanent
shadow in different South Pole craters. This feature creates conditions leading to cold traps for lunar
volatiles, making them interesting sites for analyzing polarization signature of ice at the poles, and
studying the near-surface regolith processes and local geology (Bruce & Campbell, 2005). The
presence of shadowed areas on the South Pole adjacent to the hot surfaces allows permanent
trapping of the volatiles on the surface, and makes it a convenient location to conduct surface
operations. Imaging obtained by the Lunar Prospector indicates high concentrations of hydrogen
scattered at northern latitudes of the Moon and distributed extensively near the poles. The ability to
trap these volatiles for long durations is unknown and needs to be explored. Robotic lander missions
at the lunar poles can help establish a baseline understanding of the lunar crust, volatiles, and
atmosphere (Committee on the Scientific Context for Exploration of the Moon, 2007). Such
exploration should include primarily adequate field investigations, geophysics analysis, and
atmospheric examination, which will help determine:


The nature and sources of the lunar volatiles primarily in permanently shaded regions.



The properties of the lunar atmosphere at the poles.



A correlation between regions of the SPA Basin and the South Pole, since the pole lies on the
periphery of the basin.

Scientific relevance
The South Pole of the Moon provides a unique opportunity to characterize and determine the
importance of the volatiles of the polar regions, as well as provides a window into the evolution along
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with the history of lunar regolith and resources. Lunar exploration in this region will help understand
the geochemical evolution of the Moon by determining the chemical and mineralogical composition
of the local resources. The lunar poles are subjected to large range of activities from permanently
shadowed regions with extremely low temperature conditions with local temperature ranging from
25 K to 80 K. As mentioned before, these regions prevent escape of important volatiles by permanently
trapping them onto the surface. Early missions to the South Pole will help assess the difficulty of
accessing volatiles trapped in the permanent shade of the Moon, and determine methods for in-situ
resource utilization for future human and deep-space missions. Scientific motivation in order to
conduct exploration and exploration of lunar poles is as follows:
1. Compositional State and Distribution of Lunar Polar Volatile Components
The most up-to-date information obtained from Lunar Prospector orbital neutron data, depicted by
the dark regions in Figure 4-3, indicates the presence of an abundant amount of hydrogen at the lunar
poles. Based on the study of the surface temperature, it is suggested that the hydrogen is most likely
be present in the form of water ice. Even though the presence of hydrogen has been verified at the
lunar poles, there is absolutely no proof of hydrogen trapping in the lunar polar regolith, hence there
is no known information regarding its physical and chemical identity, distribution, and source(s).
Information regarding the distribution and composition of other volatiles is also unknown, although
the data obtained by Lunar Prospector suggest that the cold trapped volatiles may be buried in a few
centimeters of the lunar regolith, hence validating the need for a drilling mission on the South Pole.
Furthermore, the effect of surface processes on the composition and physical characteristics on the
trapped volatiles is also unclear. Therefore, in order to utilize these resources for future lunar missions,
it is important to differentiate the compositional state (isotopic, elemental, and mineralogical) and
distribution of the volatiles.

Figure 4-3: Hydrogen concentrations in the lunar South Pole (Committee on the Scientific Context
for Exploration of the Moon, 2007)
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2. Source(s) of Lunar Polar Volatiles
Determining the sources of polar volatiles will help determine the history of volatile flux and verify its
relation to the origin of the Moon, Earth, and other planets. Currently speculated sources associated
with the presence of volatile-bearing cold traps on the poles include solar wind, comets and wet
asteroids, Earth’s upper atmosphere, Moon’s outgassing, and extrasolar and interplanetary dust.
3. Processes Associated with Volatile Minerals
Several factors are thought to affect the nature of the flux, net transport, and exchange near the lunar
South Pole. Volatiles transported to the permanent shadowed regions are most likely to be chemically
altered by the cold traps. Solar winds, meteorite bombardment, and random impacts on the Moon
tend to modify the composition and distribution of the volitions in the cold traps. Permanently
shadowed polar regions are subjected to solar winds, resulting in deposition of charged particles on
volatile-rich ice, hence causing sputtering loss.
Meteorite and other impacts on the Moon result in the introduction of abundant volatiles on the
surface. Volatile transport mechanisms to the pole occur primarily through the atmosphere, therefore
in order to gain insight on the characteristics of these process it is essential to understand the nature
of the lunar atmosphere. Study of the alteration processes of the volatiles is needed to understand
the effects of future robotic and human missions on the lunar polar environment.
4. Physical Characteristics of Cold Lunar Regolith
Understanding the characteristics of regolith in the Polar Regions will further help determine the
process of excavating regolith for resource extraction and address important aspects of solar sciences.
Silicate grains found on the poles are coated with volatiles and experience the same amount of
radiation encountered by silicate grains of interstellar space, therefore studying the physical
properties of the lunar soil is of high planetary and astrophysical importance. Developing techniques
to determine the location and inventory of volatile rich deposits are essential to record preserved
history of volatile evolution.
5. Lunar Atmosphere
Studying the current lunar atmosphere in prime state, before it is perturbed by human activities, will
provide a window into the evolution and history of the Moon. Therefore, characterization of the lunar
atmosphere in the proximity of the cold traps along with in situ measurements of dust-plasma-surface
interactions will provide a clear understanding of the relationship between the atmosphere and cold
volatile traps.
Scientific understanding of the lunar environment will direct the development of technology required
to conduct subsurface excavation and drilling. Access to inexpensive large available quantities of
hydrogen and oxygen will expand capabilities of propellant production and increase energy storage
potential on the surface, which will further accelerate the process of developing lunar establishments.
Lunar resource development increases the scope of enabling new and efficient scientific capabilities.
List of objectives for South Pole Region
1) Determine the compositional state and distribution of the volatile component at the lunar
South Pole
2) Determine and analyze the source(s) of lunar polar volatiles
3) Understand the physical characteristics of the extremely cold polar regolith
4) Study the atmosphere and dust environment around the poles
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4.2.4 Maria Regions
The large dark patches on the lunar surface formed by early impacts and successive volcanic eruptions
are known as lunar maria. They are composed of lava flows that filled plains and are mostly contained
in huge lunar basins. Usually, maria regions are younger when compared to highlands, as they contain
a lower number of craters. The samples obtained to date confirm that some regions were formed
almost a billion years after the basin was formed (Chock, 1997). They are mainly composed of basalts.
The near side of the Moon is characterized by around 31% of maria regions, whereas the dark side
contains only about 2.5% (Gillis, 1996). Bright anorthosite deposits dominate the far side of the Moon.
In addition, dark mantle deposits are found on the maria, which are formed by pyroclastic eruptions.
The near side (Figure 4-4) has more than twenty maria. One of the largest is the Oceanus Procellarum
on the near side. The far side has a prominent maria region, the Mare Moscoviense (Figure 4- 5).

Figure 4-4: Maria on Near (Di Cicco, 2014) and Far (NASA, 2011a) side
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The samples obtained from the Apollo and other lunar missions aided in understanding the Moon’s
features to a vast extent but still failed to represent the overall image of the larger Moon. This casts
some doubt on our fundamental scientific understandings of our satellite. The landing sites for this
mission aim at bridging the gaps in inference. New samples from diverse regions must be gathered in
different proportions around the landing sites. Details about the megaregolith and its composition by
studying ejecta from the major basins that contain the maria are possible. Many questions on our
understanding of the maria persist, even after the analysis of returned samples. Some of them are:


Lack of volcanoes except the ones associated with the dark mantle deposits



Reason for the existence of lava plains without any volcanoes in those regions; Visible
structure for the lava origin is not known except for some cases where the lava erupted from
the margin of huge impact craters



The presence of a large number of maria on the near side of the Moon

The maria regions on the near side were confirmed to be lava plains even before the samples from
Apollo missions was collected. The samples returned confirmed that the volcanic rocks were basalts.
Some sampled maria regions are the Mare Tranquillitatis and Serenitatis, explored by previous
missions due to their diversity in spectral signatures. Oceanus Procellum is another large mare on the
near side of the Moon. Further analysis will prove to be beneficial in understanding the relevant
attributes precisely. A possible explanation for the lesser number of maria on the far side could be
that the lunar center of mass is oriented towards the Earth and thus the crust, which is not off-center,
is thickened at the far side. This would permit lesser flow of basalt on the far side. But this is not
accepted universally as the SPA basin on the far side has some regions with very thin crust. Collection
of wider range of samples from the mare regions on the far side may answer the asymmetric
distribution of the maria.
Studies done during past missions have provided guidance to prepare for future missions. Mare
Moscoviense is a prominent feature on the far side. From the past missions, it is inferred that a high
deposit of thorium along with iron and titanium is found at this site. Sampling basalts of Moscoviense
will provide vital data in differentiating near and far side mantle which will lead to explain the scarcity
of basalts on far side. Better theories of terrestrial planets formation can be derived as well. Also,
NASA located a Region of Interest (RoI) at the edge of this mare that would allow sample collection
from basalts and highland areas. Formation, age, and composition of this basin along with the history
of lunar volcanism could be inferred upon sampling basalts of this mare (NASA, 2010a).
Scientific relevance
The understanding of mare basalts provides understanding on differentiation and thermal history of
the Moon. Although a wide variety of samples are collected, some key samples observed from the
orbit remain unsampled and future missions must cater to inspecting those regions. Analyzing basalts
on the far side will help in determining the age and depth where the melting occurred, in order to
provide a better understanding of the Moon’s formation, which could potentially lead to
understanding the formation of the lava magma ocean and the formation of Earth. Samples of young
and old basalts will help in analyzing the mare vulcanism. A probable RoI to understand mare
vulcanism would be mare Oceanus Procellarum. Further, pyroclastic vulcanism provides the direct
sampling of mantle and provides scientific relevance in terms of utilizing lunar resources for future
habitats. The abundance of titanium, an industrial material, found in the Mare Moscoviense facilitates
probable usage of the regolith in this region as a suitable resource for future lunar habitats (NASA,
2010a). In addition, a considerable number of lunar basalts are known to contain vesicles that trap gas
bubbles, but knowledge about their composition is unknown. We are now aware that there are a wide
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range of basalts available on the Moon with different compositions. It is essential to collect a larger
range of samples to conduct experiments for better understanding the diversity of the Moon.
List of objectives for Maria Regions
Our prioritized objectives in relevance to the maria regions derived from the SCEM report (Committee
on the Scientific Context for Exploration of the Moon, 2007) are stated below:
1) Determine the vertical extent and structure of the megaregolith to characterize ancient
regolith, based on anhydrous weathering and regolith processes
2) Understand the lunar volcanism which provides a window into the thermal and compositional
evolution of the Moon.
3) Determine the lava flux to interpret evolution of volcanism through space and time
4) Analyze lunar basalts for their origin, variability, age, composition, and the extent of their
deposits
5) Study impact processes on planetary scales, characterize melt sheet differentiation and
determine the structure of multi-ring basins

4.3 Summary, Preferred RoI, and Strawman Payload
The selected landing site is the South Pole. Not only does this site simplify the mission architecture,
allowing quasi permanent illumination for the power and thermal systems (De Rosa, et al., 2012), and
a direct communications link with Earth, but it also is the most interesting site from an economics
perspective, due to the possible resources present. The final set of scientific objectives is:
1) Study the variety, age, distribution, and origin of lunar rocks
2) Determine the vertical extent and structure of the megaregolith

3)
4)
5)
6)

Determine the compositional state and the volatile component distribution on the South Pole
Determine and analyze the source(s) for lunar polar volatiles
Understand the physical characteristics of the extremely cold polar regolith
Study the atmosphere and dust environment around the poles

Objectives 1-2 are general scientific objectives for our drilling mission, and objectives 3-6 are relevant
for the South Pole. Once the objectives are set, a strawman payload can be created, considering the
different types of analysis that must be done. These analyses are:


Elemental and isotopic analysis to determine composition and origin of samples



Mineralogical analysis to determine state of resources



Geochronological analysis for accurate rock dating



Seismology, and thermal flow analysis to study structure of the regolith



Mass spectrometry to study the composition of the atmosphere

Instruments for all these kind of studies exist with high Technology Readiness Level (TRL), that is, they
have been flown in previous surface missions or have been developed up to flight readiness for
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planned missions. Examples of the techniques used for the needed analyses, and of instruments to
perform them, are:


Laser-induced breakdown spectrometry (LIBS) for elemental analysis: A LIBS-based
instrument is present in the ChemCam instrument of the Curiosity rover, with a mass of 10.7
kg (Wiens, et al., 2012).



Quadrupole mass spectrometry and gas chromatography for isotopic analysis of the soil and
the atmosphere: A quadrupole mass spectrometer and gas chromatograph are present in the
Sample Analysis at Mars (SAM) instrument of the Curiosity rover. Along with a sample
processing system and a laser spectrometer, the SAM instrument weighs in at 40 kg (Mahaffy,
et al., 2012).



Mössbauer spectrometry for mineralogical analysis: The instrument MIMOS II of the Mars
Exploration Rovers is used as reference, with a mass of 500 g (Klingerhöfer, et al., 2003).



Potassium-argon (K-Ar) dating for geochronology: The AGE (Argon Geochronology
Experiment) instrument used LIBS and Quadrupole Mass Spectrometer (QMS) to determine
the potassium and argon concentrations in the rock, and then relates the abundances using a
vertical scanning interferometer. AGE has a mass of 5.7 kg (Swindle, et al., 2003). A more
modern version of AGE called KArLE (K-Ar Laser Experiment) is currently in development, but
its low TRL of 4 means that no mass estimates are available (Cohen, et al., 2012).



The Seismic Experiment of Interior Structure (SEIS) instrument for seismology: SEIS is part of
the InSight mission to Mars, and has a mass of 8.5 kg (Perrin, et al., 2014).

A payload using all the instruments listed above would have a total mass in the range of 50 kg to 100
kg, using the masses of the referenced instruments. This mass estimate is however obviously
exaggerated, since there are overlaps in the instruments used. AGE uses LIBS and QMS, and the SAM
instrument has a laser spectrometer as well. With further development, the mass of the scientific
payload could be brought down considerably to ease the mission constraints, and a mission-specific
payload would be selected when further engineering studies are done.
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5. TECHNOLOGY ASSESSMENT
The objective of the engineering chapter is to assess available technologies in order to identify the
best options for the main components of this mission. The technology assessments present a review
of existing technologies and concepts, and trade-off studies were conducted in order to ascertain the
feasibility of the mission. Since the advent of the Space Race in the 1950s, numerous missions have
attempted to land on celestial bodies. These missions have used a wide array of different technologies
with varying suitability for a lunar deep drilling mission. This chapter reviews relevant past, present
and future technologies, and assesses each of them in a trade-off analysis. This method of analysis
was selected to clearly identify the best options for the critical subsystems of the mission based on
the identified requirements and constraints. This analysis process is explained in section 5.1, and is
used throughout this chapter to compare different options.
This chapter first identifies the mission objectives and constraints. It then defines alternative mission
concepts that are formulated in order to identify the best concepts to meet the mission’s objectives.
Following this, the alternative mission architectures are presented. They consist of the available
options for drilling systems, landing systems, communications systems, and ground segment. The
chapter concludes by providing a summary of the best options for each system and recommendations
for their future implementation.

5.1 Trade-Off Process
A trade-off analysis is a method used to evaluate and assess different options. In the case of this
project, it will cover all the different options for each analyzed subsystem, assessing factors such as
cost, reliability, and schedule. This method has been chosen as the framework for the assessment of
viable technology, and each concept or subsystem will follow the same process of analysis.
Throughout the process, information and statistics of previous and planned missions is incorporated
where appropriate. A high level view of them is presented in Figure
The first step, involves selecting the assessment parameters. These parameters are linked to the
relevant concept or subsystem and its respective objectives and constraints. Once the parameters are
established, they are each assigned weights between 1 and 10 based on their importance, with 10
being the most important. One example of this is that for the drilling subsystem, two of the assessment
parameters are drilling depth and time taken to drill. The drilling depth parameter is assigned a weight
of 10 as it is crucial that the drill can reach the required depth in order for the mission objectives to
be achieved. The time taken to drill, on the other hand, is only assigned a weight of 3, as it is not critical
to the fulfillment of the objectives.
After assigning weights to all parameters, points are given to the concept or technology with regards
to each parameter, once again using a scale of 1 to 10. An example of this is that the grading assigned
to the Zaptec drilling system with respect to the drilling depth parameter is a 10, as it is able to reach
the necessary depth of 20 meters. Once each concept or technology is graded, a trade-off table is
designed and an assessment is conducted by multiplying each grade with the weight of the parameter.
By summing the products for each concept or technology, a final score is obtained, and the different
options can subsequently be compared.
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Figure 5-1: Past and future lunar missions summary
International Space University

66

MSS 2016

Luna Hathor

Technology Assessment

5.2 Mission Objectives, Requirements and Constraints
The first step of this feasibility analysis is to set the mission objectives, which the system must achieve
to be successful. These objectives primarily stem from the mission statement and the scientific
objectives. The engineering objectives are to assess the feasibility of a mission designed to:


Achieve a soft landing on the surface of the Moon.



Drill and extract samples from at least 20 m below the surface.



Deliver information about those samples to Earth by sample return or in-situ analysis.

The objectives defined above need to be developed into preliminary functional and operational
requirements, and constraints to dictate the performance and operation of the Luna Hathor mission.
Firstly, the functional requirements define how well the system must perform to meet the objectives.
Secondly, the operational requirements determine the systems that will have be used and operated
for the Luna Hathor mission, as well as how they should be used to meet the mission specific needs.
Thirdly, it is crucial to be aware of the constraints that define the limits of the mission. A set of
functional requirements have been identified for the Luna Hathor mission, and are presented in Table
5-1. They are subsequently developed and explained in detail below.

Table 5-1: Functional and operational requirements

Requirements
Landing Accuracy
Soft Landing
Drill Performance
Communication
Power

Impact Factors
Environment, Gravity, Surface Topology, Lunar Dust, Vacuum
Sensitivity of Equipment, Topology
Environment, Gravity, Vacuum, Dust, Temperature Gradient
Distance, Coverage, Data Size, Data Rate
Eclipse, Legal

Requirements
Landing accuracy and soft landing: Landing an unmanned spacecraft on the Moon is not a simple task.
The Luna Hathor mission probe must correctly land on the site of scientific interest while protecting
the scientific equipment. Several factors impacting the landing have to be identified and examined.
Hazardous topography could potentially wreck the probe’s equipment or cause an unstable landing.
The landing systems need to operate in hard vacuum with low gravity.
Drill performance: The drill is required to reach 20m in the lunar regolith or megaregolith. The drill
performance will be impacted by the lunar environment. As the Moon’s gravity is only 1.6 m/s², about
1/6th of the Earth’s (Stevenson, 2004), the weight of the spacecraft may not be enough to provide the
force required to drill. In addition to the weak gravity field, the abrasive and electrostatically charged
lunar dust could highly damage the drilling equipment. Another factor to consider is the thermal
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cycling the spacecraft and drill will endure due to the variation of lunar temperature. The vacuum
environment is another critical factor as it restricts the use of liquid lubrications since they will
evaporate in the space environment.
Communication: The data rate from the telemetry and scientific payload along with the choice of
ground system will set the requirements for the link budget of the spacecraft.
Power: Depending on the choice of power systems there will be different factors influencing the
system. Eclipses will affect systems such as photovoltaic cells or thermoelectric generators as they rely
on incident solar radiation. Other non-technical impacting factors have to be taken into account such
as legal restrictions. Indeed, some types of power systems such as Radio-Thermal Generator (RTG) are
subject to legal regulations. (Bateman, 2003)
Constraints
Four main constraints have been identified for the mission. These constraints are linked to cost,
schedule, orbit and legal regulations. Each constraint has impacting factors which are explained below:
Cost: The first major constraint regarding the Luna Hathor mission is cost. Indeed, the complexity of
the mission, along with technological availability, hugely affects the total mission cost. Moreover, due
to the mass of the drilling equipment, the mass of the lander, transfer stage, and launcher represent
a very expensive launch cost. A mission to the Moon costs around US$500 Million per launch (Wall,
2012a).
Schedule: Another constraint is the schedule. The Luna Hathor mission requires time to advance TRLs
and integrate the complex technologies that are required. Moreover, if the Luna Hathor takes place
within an international cooperation context, the mission preparation process may take longer as the
process will not be centralized.
Orbit: The trans-lunar flight and the orbit insertion are very constraining because of the Moon’s orbit
and space environment. Entering the lunar orbit is a consistent challenge. Indeed, a heavy-lifter rocket
is required to reach lunar orbit and the payload’s mass suggest that a specific launch vehicle will have
to be tailored for the Luna Hathor mission. This is both a technical and schedule constraint.
Legal regulation: As discussed in section 3, it can be classified as being a constraint due to the nature
of the mission and the technology involved.

5.3 Mission Concept Trade-Off Analysis
This section of the report aims to define applicable mission concepts in order to identify the most
suitable options in a trade-off analysis. The mission concepts are defined based on how the mission
will work and what is needed in order to fulfill the objectives. It should be noted that since the mission
is going to the near side of the Moon, a relay satellite is not needed and direct communication can be
achieved. In order to perform the analysis, the following weighting is applied corresponding to the
importance of the parameter.
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Table 5-2: Mission concepts assessment process
Importance

Assessments

Grades

1

Reliability

10

2

Cost

8

3

Mission
Duration

7

4

Quality of
Data

6

5

Mobility

2

Justification of Grades
Reliability is the most important criteria since mission
success depends on quality of equipment.
Cost has a value of 8 and is the second most important
criteria since the mission must avoid having too high
expenses.
Mission duration has a value of 7 since there is no clear
deadline to meet but the mission has to be accomplished
within reasonable delay.
Quality of data has a value of 6 because the mission is
going near side of the Moon and direct communication
can be achieved.
Mobility is the least important criteria since the mission
aims to drill directly at landing point.

In order to present the best concept, the analysis is started with an option tree, which gives all the
possible options. Following from this, the assessment is performed. The results of the assessment are
presented in the table hereafter, and the complete table can be found in Appendix Table A-5.

Figure 5-2: Mission concepts option tree

The following table shows the results of the trade-off study. Concept 1, 3, and 4 were selected as a
result of trade-off studies, despite concept 2 having higher score it was neglected during the concept
iteration process through the main mission system trade-off, see section 5.4.3 Communication tradeoff. Concept 1 will be used for the analysis of the Mission Architecture.
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Table 5-3: Prioritized potential mission concepts (Concept 2 de-prioritized)

Mission Concept
Concept 1

To reach Moon in a Direct orbit, perform soft landing and drill 20m deep using a
Lander mission and conduct in-situ analysis on the retrieved sample and relay the
result data back using Deep Space Network in a Controlled mission.

Alternative Mission Concepts
Concept 3

To reach Moon in a Direct orbit, perform soft landing and drill 20m deep using a
Lander plus Rover mission and conduct In-situ analysis on the retrieved sample
and relay the result data back using Deep Space Network in a Controlled mission.

Concept 4

To reach Moon in a Direct orbit, perform soft landing and drill 20m deep using a
Lander mission and conduct In-situ analysis on the retrieved sample and relay the
result data back using Deep Space Network in a Fully Automated mission.

The weighting of each choice in the option tree is justified below. Where possible a statistical study of
previous missions has been shown. In options where this is not possible, evidence and reports on the
use of the technology previously have been analyzed.
Reliability justification
Lander VS lander + rover
After having performed statistical studies of past Lunar and Martian missions using a lander or a
“lander + rover” (Appendix Table A-6), the reliability or each has been found. A total of 32 lunar
missions have been performed since the beginning of the Soviet Luna missions in the 60’s. Among
these 32 attempts, only 13 have been successful which gives us a success rate of 40.7%. Among these
32 attempts, 28 used a single lander, 10 of which were successful, whereas 3 of 4 missions utilizing a
lander + rover were successful. Regarding Martian missions, out of 15 attempted missions, 33% of
single lander missions and 67% of lander + rover missions were successful.
When reviewing the statistics, past missions have demonstrated better success in achieving their
landing with a rover deployment as compared to a single lander. However, it is important to notice
that in the failure of the missions in every case is not due to the single lander technology, it is usually
caused by a launching failure. Further analysis of these mission failures shows the first 11 lunar lander
missions resulted in failure, none of which had a rover. Therefore these failures were due to their
launch early in the space race, compared to the later average launch date of the rovers which did not
launch until the 22nd lunar lander mission in 1969 (Krebs, 2015). Also, the complexity of the lander +
rover system makes its reliability inferior to a single lander. In addition to this, partial failure must not
be excluded when using the combination of lander + rover (e.g. the rover getting stuck in the sand).
Fully automated VS Controlled
The reliability of a controlled mission is higher than a fully automated mission. Indeed, the entire
mission can collapse with a single point of failure on a fully automated mission. With a controlled
system, the anomalies are easier to be traced. For example, the Beagle 2 mission failed because of a
fully automated system (Space Research Centre, 2014). The Akatsuki mission succeed thanks to its
controlled system. When an engine misfired causing the spacecraft to fail to enter Venus’ orbit, the
trajectory was recalculated and it entered its desired orbit more than 5 years later (Wall, 2015b).
Furthermore, the FDIR (failure detection isolation recovery) system would be easier to act on with a
controlled system.
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In-situ analysis VS sample return
A sample return mission needs to perform ascent, trans-lunar trajectory, landing, ascent, and Earth
re-entry. This adds potential points of failure and a much more complex system as compared to a
simple data return for in-situ analysis. With data return, the only point of failure is the communication
architecture (Koubbi, 2007).
Trajectory
Direct orbits are the most common trajectories and they have been conducted many more times than
other trajectories such as low thrust and low energy. Moreover, the technological readiness level of
chemical propulsion, which is used for direct orbits, is much higher than electrical propulsion, which
is used for low thrust trajectories, especially for the size of spacecraft required (Koubbi, 2007).
Cost justification
Lander VS lander + rover
It is obvious that a single lander mission would be less costly than a lander + rover mission to the
added mass and complexity of the rover.
Fully automated VS Controlled
For a controlled system, a large ground segment support would be needed. This implies the use of
Deep Space Networks which has an expensive access. Also, a complete operation team would be
required to monitor and control the system on a 24/7 basis.
In-situ analysis VS sample return
A sample return mission would add significantly to the mission cost. Indeed, a sample return mission
is complex due to the fact that the spacecraft must return to Earth. Therefore, it would be much
cheaper to do in-situ analysis and send the data back to Earth.
Trajectory
The launch cost would be mainly based on the payload’s mass. However, direct orbit mission would
be low cost compared to a low thrust orbit mission and a low energy mission since it requires cheaper
operational cost. Also, the cost of the direct orbit technology is the cheapest option. (Koubbi, 2007)
Mission duration justification
Trajectory
A direct orbit mission would only require five days to reach the Moon, whereas a low thrust and low
energy missions would take several months (Wall, 2012a).
In-situ analysis VS sample return
Due to the nature of the sample return mission, no data can be collected until the sample has been
returned to earth. Whereas in-situ analysis allows data to be relayed as it is obtained.
Quality of data justification
Fully automated VS Controlled
A controlled system would allow multiple attempts in case the collected data is not sufficient and
qualitative (In the case an in-situ analysis).
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In-situ analysis VS sample return
In a sample return case, the first data collected will be available for many types of analysis, whereas
in-situ analysis limits the number of tests.
Mobility justification
Lander VS lander + rover
The landing site will be defined to match the sample collection site. Whereas a rover allows more
flexibility regarding the drilling site as it can drill in multiple sites or on terrain where landing would
not be possible.
Fully automated VS Controlled
The mission would be pre-programmed by choosing a fully automated option. Therefore, the
independence of the vehicle would be limited by the defined trajectory.

5.4 Mission Architectures
A mission architecture is a mission concept that has been further developed with key elements of the
mission. These elements can be the payload, the launch segment, the communications system, the
orbit and trajectories. After having defined and assessed alternative mission concepts in the previous
section, key elements of the mission architecture are presented. For the Luna Hathor mission, the key
elements are the drilling system, which is a part of the payload, the soft landing system, the
communication system, and ground segment. The objective is to identify a set of candidate
architectures for further evaluation. The assessment process defined at the beginning of the chapter
will be applied for each element. This process is also an excellent opportunity to realize a technological
review of the past, current and future systems as well as an assessment of key and promising
technologies for deep space drilling.

5.4.1 Trade-Off Study of Drilling Systems
The drill is a central component of this mission, and it will have to be designed to bore through the
regolith and into the crust. Conventional drilling techniques utilized on Earth are difficult to apply in
space, mainly because of their prohibitive requirements in the mass, volume, and power of the
equipment, their common reliance on gravity, and on the continuous circulation of drilling fluids. In
addition to the aforementioned requirements, the need to operate at low temperature and low
pressure in space poses additional constraints in the design of the equipment (Zaptec, n.d.).
Drilling primarily consists of two processes: breaking the formation with a bit, and removing the drilled
cuttings. The greatest constraints to extraterrestrial drilling that have to be taken into account in the
drill design are:
1) The extreme environmental conditions such as temperature, dust, and pressure.
2) The light-time communications delay which necessitates highly autonomous systems.
3) The mission and science constraints, including, but not limited to, the mass and power
budgets, along with the types of drilled samples needed for scientific analysis (Honeybee
Robotics, 2008).
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Once the samples are collected, another aspect that will have to be considered is whether to analyze
the sample on the Moon itself, or whether to return the sample to Earth. Lunar samples exist in an
environment that is composed of minimal air and water, away from sources of contamination such as
humans, spacecraft, and the Earth’s atmosphere. It can therefore be stated that studying samples on
the Moon would reduce the risk of sample change and of contamination during transportation. It
should be noted, however, that the cost and technological challenge of developing and launching
scientific instruments that are small enough and that function in the lunar gravity setting confines the
type of analysis that can be performed on the lunar surface. Thus, samples that require either multiple
forms of analysis or complicated instrumentation should be returned to Earth (Tranfield, 2015). After
assessing the scientific objectives of the mission, it was concluded that the analysis options offered by
in-situ analysis would be sufficient to deliver the required data, and hence it was selected.
All the drilling systems identified for the trade-off study can be categorized into different classes based
on the drilling technology they use. These classes include rotary, rotary-percussion, and electrical
plasma drill technologies. It should be noted that although various other emerging terrestrial drilling
technologies (such as hydrothermal spallation, chemical plasma, Erosion, laser, electric discharge and
direct transfer of heat) are widely researched, they are not discussed here as they have not been used
in the design of drills for extraterrestrial environment.
Rotary drill
The rotary drilling concept is one of the oldest known drilling techniques known by mankind, with
archeological records dating back to 3,000 BC. A similar technique was also used by the ancient
Egyptian civilization. This drilling technology uses a concept similar to those used by hand held drilling
machines, which is based on the principle that a sharp object or a drill bit rotating at a certain RPM
can drill through the hardest rocks (International School of Well Drilling, n.d.). In an extraterrestrial
environment, an overhead weight is added to counter-act the lower gravity constraint. The DAME
(Drilling Automation for Mars Exploration) project conducted by NASA and Honeybee Robotics uses
the rotary drill technique, and is displayed in Figure 5-3 (Glass, et al., 2009).

Figure 5-3: DAME rotary drill testing: (a) DAME test in Devon Island, Nunavut, Canada (Glass, et al.,
2009), (b) Vibration test on the drill shaft (Glass, et al., 2009)
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Rotary-percussion drill
The rotary percussion drilling concept gained its popularity at the beginning of the 20th century, and it
subsequently went on to replace the conventional rotatory drill due to its potential to drill faster.
Rotary-percussion drills have a rotating drill bit and an internal hammer (Aneta, et al., 2015). The
internal sliding hammer pummels on the rotating drill thus assisting in the faster drilling process. This
sliding action supports the drill bit in low gravity situations, and is hence useful for drilling in
extraterrestrial drilling environments. The rotary-percussion drill mechanism is therefore widely
adapted in the extraterrestrial deep drilling techniques such as Mars Underground Mole (MUM) by
ESA (Stroker, et al., 2003), Auto-Gopher by Jet Propulsion Laboratory (JPL), USDC (Ultrasonic Sonic
Driller Corer) by Honeybee Robotics (Bar-Cohen, et al., 2012), and Smart Space Drilling System (SSDS)
by Northeastern University (Yinghui, et al., 2006). Figure 5-4 displays MUM’s principle of operation.

Figure 5-4: Principle of percussion and hammering action used by MUM (ESA, 2005)

Electric plasma drill
Electric plasma deep drilling is one the emerging and most researched drilling technologies in the
drilling industry due to its faster, cheaper, and deeper drilling capabilities (Krištofič, 2012). Plasma
drilling does not require any mechanical connections between the drill and the surface. The drill
generates an electric plasma arc through the flow of electrons between the electrodes at the tip of
the drill, which then heats and pulverizes the rock surface, consequently creating a hole on the surface.
The Zaptec drilling technology uses this extraterrestrial deep drilling technique, and is presented in
Figure 5-4.
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Figure 5-5: Electric plasma drill: (a) Zaptec drill head (Johansen, et al., n.d.), (b) Plasma arc, (c)
Plasma arc pulverizing the rock (GA Drilling, 2016)

Based on a set of prime requirements identified, a drill trade-off was carried out. The weightings of
the different parameters used in the trade-off are specified and explained in Table 5-4, while the deep
drill technologies identified and considered for the trade-off studies are displayed in Table 5-5. The
detailed trade-off process is available in Appendix A-7. It should be noted that during the trade-off
process, the details of several parameters were unavailable. Minimum values were subsequently
assigned to drills with unknown parameters.
It should be noted that while the IceBreaker Drill by Honeybee, the Icebreaker system by Carnegie
Mellon University, and the Dual Reciprocating Drilling system developed by the US are listed in the
deep drill category, they were not considered during the trade-off study as their drilling capabilities
are limited to a maximum depth of 2 meters. From the trade-off study, the top three drills (the drills
with the highest total scores) were selected for further studies, namely the Mars Underground Mole,
the Inchworm Deep Drilling System, and the Zaptec drilling system. The specifications of these drills,
along with the advantages and disadvantages of using each system, are presented hereafter.
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Table 5-4: Drill trade-off parameter and justification
#

Parameter

1

In order to achieve the main objective of the
mission, the drill needs to have the capacity to
Maximum
reach a minimum depth of 20 meters. As the
Depth
depth is related to achieving the main objective
of the mission, it has a maximum weighting.

2

Drill sample retrieval from the required depth to
the lander might require additional equipment
such as RAT (Rock Abration Tool) which will
increase the complexity of the mission, hence
this parameter has a high weighting.

Sample
Return

Description

Weighting

Grading Method (1- 10)

10

The drills that are developed to penetrate more than 20
meters are given a grade of 10, while the drills
developed for less than 20 meters (but can be upgraded
to drill deeper in the future) are given a grade of 5.

8

The drills that can retrieve the sample and transport it
to the lander by itself are given a grade of 10, while the
drills that require additional equipment to transport the
samples are given a grade of 5.

8

The drill technology with a high level of robustness is
assigned a grade of 10; a medium level of robustness is
assigned a grade of 5, and a low level of robustness is
assigned a grade of 1.

6

In order to reduce the amount of equipment required
on site to powder the sample, the drill that can deliver
the sample in powder form is assigned a grade of 10,
while the drills that deliver the samples in core or
cutting form are assigned a grade of 5.

Robustness of the drill describes the resilience,
complexity and autonomy of the drill. These are
3 Robustness important features that are likely to have a direct
impact on the performance of the drill, and
hence this parameter has a high weighting.

4

5

6

Sample
Form

The form of the sample determines the need for
additional equipment on site to powder the
sample. However the sample grinding
equipment's are generally part of in situ
equipment's with high integration and proven
technology, hence this parameter has a fairly high
weightage.

Weight

The mass of the drill is directly proportional to
the cost and propellant effectiveness, and hence
it has a fairly high weighting.

6

Size

The smaller the drill, the less space it will occupy
and easier to integrate. As space is not a major
constraint, this parameter has an average
weighting.

5

Power

The amount of power required dictates the
nature of the power system required; it is
therefore a fairly important parameter, and has
an average weighting.

Among the identified deep drills, the drill with the
lowest mass is assigned a grade of 10, and the grades
for the rest of the drills are reduced as their mass
increases.
Among the identified deep drills, the drill with the
smallest size is assigned a grade of 10, and the grades
for the rest of the drills are reduced as their size
increases.

5

Among the identified deep drills, the drill which has the
lowest power consumption or which has the capability
to power itself is assigned a grade of 10, and the grades
for the rest of the drills are reduced as their power
consumption increases.

The time taken to drill is important in
understanding the efficiency of the drill.
However, as there haven't been any deep drills
Time taken used on the Moon, the weighting is formulated
8
to drill based on the drill's performance in tests carried
out in harsh environments on Earth. Time is not a
major constraint of the mission, and hence this
parameter has a fairly low weighting.

3

Among the identified deep drills, the drill that takes the
least amount of time to drill 1cm is assigned a grade of
10, and the grades for the rest of the drills are reduced
as their respective times taken to drill 1cm increases.

Although no deadline has been specified for the
start of the mission, it is necessary to consider
Technology
the technology readiness level to at least
9 Readiness
determine the theoretical capability of the drill.
Level
The weighting of this parameter is therefore on
the lower end of the scale.

2

The drill technology with a high TRL level is assigned a
high grade, and vice versa.

7
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Mars Underground Mole (MUM)
Specifications:


Maximum Depth: 5 meters; currently conducting research to improve drilling capacity



Drill Size: .02 m x .5 m (r x l)



Mass: 2.5 kg



Power: 10 W



Drill Type: Wireline



Drill Mechanism: Rotary percussion

Figure 5-6: Mars Underground Mole demonstrations
A: Mars Underground Mole was integrated onto the K10 Rover and tested in the NASA
Ames Marscape on November 17, 2006 (NASA, 2006)
B: Pluto Mole demonstration at Mt. Etna in September 2002 –inset lower right image
shows the mole tip (Stroker, et al., 2003)

Technical description:
The MUM was developed by NASA’s Mars instrumental development program. It is operated by a
small electrical motor that drives an internal sliding hammer system, which consequently allows the
Mole to advance into the soil. A part of the energy released by the spring-loaded hammer through
each shock is transferred to the Mole casing and subsequently from the casing to the soil. This in turn
results in penetration via the displacing and compressing of the surrounding soil. Simultaneously, a
backwards-directed impulse that occurs in reaction to each forward shock is transferred via a
suppressor mass against a second weaker spring, allowing the Mole to advance without requiring
reactive forces provided by the lander. The mole is connected to a tether reel in the launch tube via a
tether cable as shown in the following figure. The tether cable supplies the power to the mole and is
also used to retrieve the mole back to the ground. Once the mole is retrieved, the mole tip can be
opened to collect the samples (Stroker, et al., 2003).
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Figure 5-7: MUM Mole setup (Stroker, et al., 2003)

Advantages:


The drill can piggyback smaller in situ instruments such as the Digital Array Scanning
Interferometer and a small microscopic camera.



The technology has been tested in both a laboratory setting and in Earth’s environment.



The drill has onboard sensors to determine the health of the drill, and data obtained from the
sensors can be used to optimize and improve future drill technologies.



Multi-use: the drill can be deployed and retrieved multiple times



The drill uses a wireline drilling technology, hence there is a reduced mass and lower
complexity of operation



It has a Fault Recovery System consisting of a pyro guillotine, an inclinometer, and the process
of reverse hammering



The drill can easily be integrated into other subsystems due to its low mass and size.

Disadvantages:


The technology has been made exclusively for the environments on Mars and Pluto, hence
further studies are required to verify if the drill is compatible with the Moon’s environment.



The baseline design is only capable of drilling 5 meters deep.
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Inchworm Deep Drilling System (IDDS)
Specifications:


Maximum Depth: 1 km



Drill Size: 0.075 m x 1 m (r x l)



Mass: N/A



Power: Self powered by RTG



Drill Type: Tether free, self-powered and self-propelled



Drill Mechanism: Rotary

Figure 5-8: IDDS schematic and concept rendering (Gorevan, et al., 2008)

Technical description:
This drill was inspired by the movement of the inchworm, and was designed and patented by Thomas
M. Myrick and Stephen Gorevan of Honeybee Robotics. The drill has 2 pairs of 3 shoes that are located
at the top and the bottom of the drill, with an expanding and contracting body driven by standard
motors. The following figure illustrates the drilling process of the IDDS. At the start, the top shoes push
outwards against the walls while the bottom section drills. Following from this, the shoes on the
bottom section push outwards against the walls while the top shoes disengage. The body then
contracts, pulling the top section downward. At this point, the top shoes push outwards while the
bottom shoes disengage and start drilling, and the cycle continues till the required depth is reached.
The cuttings are pushed past the drill by cutting teeth and are carried above the body of the drill
through a rotating helical flight. The sample can then be retrieved, either by the drill reversing its
drilling process and reaching the surface or by using additional tools (Gorevan, et al., 2008).
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Figure 5-9: IDDS drilling process (Myrick & Gorevan, 2006)

Advantages:


The drill can piggyback various in situ instruments.



The drill is tether free and requires no power or additional support from the lander.



The drill has the capability to drill very deep.



The drill can easily be integrated into other subsystems due to its low mass and size.

Disadvantages:


The technology has yet to be field tested.



As the drill uses RTG as a power source, legal issues could arise.

Zaptec
Specifications:


Maximum Depth: 2 km



Drill Size: NA



Mass: 45 kg



Power: 2 kW



Drill type: Wireline



Drill Mechanism: Electric plasma
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Figure 5-10: Zaptec Plasma Drilling System concept rendering (Johansen, et al., n.d.)

Technical description:
This drill was developed by Zaptec, Inc. It uses high energy density plasma to break and pulverize the
regolith surface. The powdered samples are subsequently retrieved by circulating compressed CO2
gas. The entire drill is supported by the lander module through a tether cable which also supplies the
power for the drill.
Advantages:


The drill can piggyback smaller in situ instruments.



The drill uses a wireline drilling technology, hence there is a reduced mass and lower
complexity of operation

Disadvantages:


The technology has yet to be field tested



The drill is not easily integrated with the other subsystems due to its high mass and size

Upon evaluating the three systems identified in the preceding section of the report, it was concluded
that the IDDS would be the most favorable option for the mission. Unlike the MUM system, the IDDS
is already able to drill 20 meters deep, and unlike Zaptec’s Plasma drill, its low mass and size allows
for easy integration with other subsystems. The fact that the IDDS operates without a tether and
subsequently without requiring the supplementation of power from the lander is another advantage
the IDDS has over the other two drilling systems. The full trade-off table can be found in the Appendix
A-7
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5.4.2 Trade-Off Study of Landing Systems
Landing on a celestial body is a major challenge due to the uncertainty associated with the potential
hazards. Landers are therefore required to be designed to be well integrated with subsystems in order
to ensure safe landing (ESA, 2016). The lander for this mission is required to provide a platform to
accommodate the drilling technology and other in-situ analysis instruments required to accomplish
the scientific objectives specified in section 4.3.
The first landings on a celestial body was demonstrated in the 1960s during the Space Race between
the USSR and the USA. They both proved they possessed the capability of conducting a soft landing
with several interplanetary missions such as the Luna and Venera programs by the USSR, and the
Surveyor program by the USA. With the Apollo program, NASA proved it possessed the technological
capabilities to land humans and equipment on another planetary body. The period between 1966 and
1976 witnessed an increase in the lunar surface landings. Since then, it took about forty years to
revisit the surface of the Moon, which was achieved by the Chinese National Space Administration
(CNSA) with their Chang’e 3 mission (Spaceflight 101, 2016). The primary objective of the mission was
to achieve soft landing and conduct a rover exploration on the Moon. Prior to Chang’e 3, various
missions such as the Lunar Prospector resulted in unsuccessful attempts on reaching the lunar surface.
The Luna Hathor project is a deep-drilling mission on the surface of the Moon. Therefore, taking into
account mission requirements and objectives, the following parameters have been recognized as the
most important factors for assessing the feasibility of the different available landing systems:











Reliability
TRL
Mass of the Landing System
Force on Impact

Velocity at descent
Landing Accuracy
Robustness
Integration Capabilities

Various countries and private companies are now aiming to return to the Moon in order to establish
a permanent human presence on the lunar surface by conducting exploration and exploitation
missions. Therefore, several lunar missions have been planned in order to conduct technology
demonstration and verification. These landers have been designed with a set of compatible
technologies, similar mission profiles and have undergone a significant amount of design and testing.
They represent the forefront of modern lander design and technology. Completing a trade-off study
between these landers will ensure a grouping of compatible technologies that are suitable for the
proposed mission. The landers are listed in table Table 5-5.
Table 5-5: Planned lunar landers

Year
2018
2013
2016
2017
Early 2017
2017
2018
2023
2017
International Space University

Lander
ESA Moon Lander
Chang'e3
Chang'e4
Chang'e5
Astrobotic – Lander Griffin
Moon Express – Lander
LUNAGLOB Luna 25
LUNA-RESURS 1 Lander Luna 27
Chandrayan 2
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In order to assess the available landing technologies for the Luna Hathor mission, the weighting
criteria displayed in Table 5-6 were implemented, which further assisted in prioritizing the selection
parameters of the lander.
Table 5-6: Lander parameter grading criteria

Parameters

Description

Weight

Reliability

The reliability of landing technology helps in assessing the ability of the
design to meet the quantitative reliability requirements that will support the
design trades, component selection, and maintainability design. This will
further help assure selection of appropriate material as well as determine
appropriate levels and types of redundancy. Therefore, the reliability of the
landing technology is considered to be one of the most important.

10

Landing systems with higher
reliability are rated high on
the scale and vice-versa.

9

The ability of the lander to
incorporate different
equipment and payload
onboard is rated high on the
scale.

8

The force on impact
influences the integrity of the
components on-board the
lander, and lower force is
rated higher on the scale.

8

The lower descent velocity is
rated higher on the scale of 1
to 10.

Integration
Capabilities

Force on
Impact

The drill is a key component required for the successful completion of the
mission, therefore it is essential for the lander to be able to incorporate the
drill along with it's supplementary component. Additionally, the lander is
required to demonstrate integration capacity with the spacecraft, hence
giving the integration capability of the lander, this parameter will receive a
fairly high weighing.
Force on impact is a critical factor in order to fulfill the requirements of soft
landing. During a soft landing it is essential to ensure that the integrity of the
lander and the components on-board remain un-disturbed. Therefore, the
force with which the lander reaches the surface is critical in order to
achieve the mission.

Grading Method

Velocity at
Descent

Similar to the force on impact, velocity at the time of descent plays an
important factor in determining the success of the soft landing, and is a
factor in ensuring the integrity of the lander and/or components on-board.

Robustness

Robustness of the lunar lander describes the resilience, complexity and
autonomy of the lander. These features directly influence lander's
performance, payload capability, and flexibility to explore different terrains.
Therefore this parameter has a high weighting.

7

Mass

The mass of the lander directly influences the lifting capacity of the launch
vehicles as well as the total payload capabilities that can be delivered on the
lunar surface, therefore placing it at a relatively high level on the grading
scale.

7

Landing
Accuracy

The landing accuracy of lander depends on the landing technology employed
by the lander. The chosen exploration site for the mission is chosen to be
the South Pole on the near side, and therefore the completion of mission
objectives determined for this site is directly dependent on the accuracy
with which the lander is delivered on the site. Hence, placing this parameter
at a relatively medium importance.

6

The ability to control the
descent is rated higher on the
scale.

TRL

Even though the time frame of the mission has not been established yet, it is
essential to consider the readiness of the available technology. This
parameter helps in assessing the maturity and performance of the available
landing technology and determine its theoretical capacity in the long term.
Therefore, this parameter is weighed relatively lower on the grading scale.

2

The rating scale essentially
replicates the TRL scale
defined by NASA. Therefore,
a low TRL is rated lower on
this scale, and vice versa.

International Space University

83

The robustness is assessed
based on the autonomy and
reliability of the lander. More
capabilities equal higher
value.
Landers with higher mass
(without payload and
instrumentation) is rated low
on the grading scale, and
landers with lower structural
mass and higher payload
capacity is ranked higher.
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Furthermore, Table 5-7 is the summary of the grading method implemented to assess the parameters
of the available landing technology, based on the factors mentioned earlier.

Table 5-7: Lander assessment summary
Parameter

ESA Moon
Luna Glob Chang’e 3 Chang’e 4 Chang’e 5
Lander

Griffin
Lander

Luna
Resurs

Technology Employed

9

5

9

9

9

10

5

Reliability

6

4

9

9

7

7

4

TRL

7

6

10

6

6

9

6

Mass

9

6

6

6

7

8

6

Force on Impact

9

5

7

6

7

8

8

Velocity

10

4

7

9

9

6

7

Landing Accuracy

8

6

8

9

9

7

6

Robustness

7

5

9

8

8

8

6

Integration Capability

9

5

8

9

9

10

5

Total

474

299

447

435

447

462

350

Based on the cumulative grades obtained by each of the landing systems in Table 3, ESA Moon Lander
and Astrobotic’s Griffin Lander have been identified as the primary contenders for the team’s mission.
Both landers incorporate reliable technology in order to implement soft landing on the lunar surface,
as well as provide flexible a platform to accommodate drill and in-situ instrumentations.

ESA Moon Lander
Description:
The lander consists of precise vision-based image navigation, attitude estimation, hazard detection
and avoidance, guidance, and control. A powerful on-board computer identifies landmarks such as
craters and matches them with the ones on the database created by past missions, which enhances
the landers ability to autonomously navigate. The terrain will be evaluated by the camera to alter the
velocity of the lander in real time. Once stabilized in the polar orbit of the Moon, the descent and
landing begins with a de-orbit burn and course phase, the braking phase occurs at about 15 Km
altitude. After firing from the five engines and thrusters, the lander reaches an altitude of 2-3 Km with
about 60m/s, performing hazard detection to soft land using computer analysis of the landing site,
supported by a LIDAR sensor to map the terrain due to the imbalance in lighting at the poles
(Carpenter, et al., 2013). The shock of the touchdown on the craft is reduced by the four leg suspension
system. Once deployed, the communication and scientific operations begin.
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Specifications:
The following is the summary of some of the important parameters of the ESA Moon Lander:


Technology: Autonomous



Mass: 800 Kg



Size: Height - 3.44m; Diameter - 5.6m



Landing area: Lunar South pole



Landing accuracy: few hundred meters



Technology Readiness Level (TRL): 6



Launch: on a Soyuz rocket in 2018



Thruster: 5 braking engines of 500N thrust, 6 smaller thrusters (220N)



Attitude control: 16 22N thrusters



Operation Duration: 3 months



Power: Solar panels

Figure 5-11: ESA’s proposed Moon Lander (Carpenter, et al., 2013)
Advantages:


Landing precision in the order of hundreds of meters (past missions had kilometer precision)



Real time processing of hazards, enabling location of a suitable landing site



Usage of high precision thrusters for a controlled descent, enabling effective soft landing



Autonomous, through the use of a powerful computer system

Disadvantages:


No manual override or manual control is supported.



Surface operations require solar illumination
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Astrobotic: Griffin Lander
Description:
The Griffin lander is proposed by Astrobotic, a private company of Google Lunar X Prize. The Griffin
employs a single thruster for capture, deorbit, descent, and landing, along with four clusters of
attitude control thrusters. The landing system incorporates hazard detection, and uses off the shelf
components and common algorithm to facilitate reliability and robustness during navigation
(Astrobiotic, 2016). An Astrobotic auto-landing system also incorporates precision navigation just
before landing with the support of lasers to construct a 3D model of the landing topography. Four legs
that absorb shock and facilitate safe soft landing are utilized, along with autonomous hazard detection
technique to ensure safe landing (Astrobiotic, 2016)
Specifications:
The following is the summary of some of the important parameters of the Griffin Lander:


Technology: Autonomous, powered descent using thrusters



Mass: 525 kg (P/L capability of 250 kg)



Size: 4.5 m Wide; 1.6m Tall



Landing area: Lacus Mortis (plain on the North East part of Moon)



Landing accuracy: within 100 m



Technology Readiness Level (TRL): 7



Launch: SpaceX Falcon 9 rocket (2018)



Thruster: four tanks surrounding a main thruster



Power consumption: 250 W

Figure 5-12: The Griffin Lander (Astrobiotic, 2016)
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Advantages:


Flexible adaptable mounts are installed to support a wide range of rovers and payloads.



Advanced and reliable avionics installed



20 cm hazard detection threshold with 3 degrees slope detection accuracy



Lander acts as central communication hub.

Disadvantages:


No manual override or manual control is supported.

This section summarized the trade-off process for landing systems through assessing its essential
parameters for a wide range of past, current, and upcoming missions. The landing technology has
primarily been assessed on the basis of their reliability, TRL, mass of the Landing System, force on
impact, velocity at descent, Landing Accuracy, robustness, and integration capability. Based on the
assessment of these parameters, the ESA Lunar Lander and the Griffin Lander have been identified as
being suitable options to base the broad design of the Luna Hathor Lander.

5.4.3 Trade-Off Study of Communication Systems
In order to communicate with the lander on the surface of the Moon, including command, telemetry,
and scientific data, it is necessary to develop communications architecture and a ground segment.
Since the 1960s, radio-frequency communication has been used to transmit the telemetry and payload
data to the ground. Hence this technology is well known and well established. However, due to the
quantity of data generated by the payload, a new type of communication system utilizing laser
technology may be employed. Laser systems possess a much larger bandwidth compared to RF and
are very directional. Due to the atmospheric window that exists in the visible and near visible
spectrum, they have very low atmospheric attenuation. This is also the case for RF signals, but the
antenna gain required is very high and results in either: lower bandwidth, higher power usage, or
larger antennas. The downside of laser signals, however, is that this type of technology is still in its
experimental phase, and therefore has a low TRL.
The trade-off analysis of the communication system is based on the two aforementioned technologies.
Table 5-8 hereafter explains the assessment process.
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Table 5-8: Assessment justification table for communication technologies
No Parameter

1

Ground
Support

Description
The ground support system is
essential to follow the mission, as
well as communicate and receive data
from the S/C.

2

Some technologies could be an
excellent solution for deep space
Technology
communication in theory, but their
Maturity
TRL could be very low, so technology
maturity is an important parameter.

3

Data rate is an important parameter
Signal Data to fulfill the objectives of the mission
Rate
and bring back the data of the in-situ
analysis.

4

Antenna
Efficiency

High gain antennas are required to
communicate with a spacecraft on the
Moon, making this an important
parameter.

5

The power of the signal is reduced
Atmospheric due to atmospheric attenuation. This
Attenuation is a function of the input power and
wavelength of the signal.

6

The mass of the communication
component is directly proportional to
propellant consumption and also to
the cost of the mission, hence it has a
fairly high weighting.

Weight of
Device

7

The smaller the communication
component, the less space it will
Size of Device occupy. As space is not the most
important constraint, this parameter
has an average weighting.

8

The spacecraft will have a limited
power production on the Moon, and
Power
so the lower the power consumption,
Consumption
the higher the probability of meeting
mission objectives.

Weight

Grading method (1-3)

10

RF ground systems are fully available while
only several stations are developed for
laser communication. A score of 3 is
attributed to RF, and 1 to laser.

10

RF technology has been used in space
missions for almost 60 years, but laser
technology is still in development. A score
of 3 is given to RF and 1 for laser.

5

As a new technology, laser communication
could provide higher bandwidth than
radio frequency communication, and
possess a higher data rate. A score of 2 is
given to radio frequency, and 3 to laser.

5

A laser antenna will be more efficient than
a RF, so it will receive a score of 3 while RF
will receive a score of 2.

5

RF is more vulnerable than laser regarding
atmospheric attenuation influence. RF will
receive a score of 2 while laser will receive
a score of 3.

5

Laser communication component is lighter
than RF component, so it will have a score
of 3 while RF will have a score of 2.

5

Laser communication component is
smaller than RF component, so it will have
a score of 3 while RF will have a score of 2.

5

Laser communication consumes much
more power than RF systems, so it will
have a score of 1 while RF will have a score
of 3.

Note: Weighting divides into three degrees: 10 (very important) -> 5(important) -> 1(not important).
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The results of the analysis obtained using the weighting displayed in the Table 5-8, are presented in
Table 5-9.

Table 5-9: Assessment table for communication technologies

Description

Weight of
Index (1-10)

Score of
Radio (1-3)

Score of Laser
(1-3)

Signal Data Rate

5

2

3

Ground Support

10

3

1

Antenna Efficiency

5

2

3

Atmospheric Attenuation

5

2

3

Technology Maturity

10

3

1

Weight Of Device

5

2

3

Size Of Device

5

2

3

Power Consumption

5

3

1

125

100

Results

From Table 5-9, it can be seen that the RF communication system has a significantly higher score than
that of the laser communication system. It therefore appears to be a better approach to establish
communication from the Moon. In order to give more information of the ability to establish a
communication architecture to/from the Moon lander, a link budget calculation is provided in
Appendix A-4 using the Deep Space Network and the Lunar Reconnaissance Orbiter.

Ground segment
The ground segment is an important part of all space missions. It maintains RF communication links,
provides spacecraft and payload control, and receives mission data. Several ground stations are
required to maintain constant link availability. Because the spacecraft could have more than one
communication link, the ground stations should provide several RF bands.
In addition to this, the availability of the ground systems should be considered. Several ground
networks are available for interplanetary communication and were developed by the USA Deep Space
Network (DSN), Europe (ESA network) and China. Table 5-10 below presents the assessment
justification in order to highlight a preference between these different networks.

International Space University

89

MSS 2016

Luna Hathor

Technology Assessment

Table 5-10: Assessment justification table for ground segment
No Parameter

Description

Weight

Grading method (1-3)

10

DSN can provide 100% coverage, ESA can
provide 96% coverage, and China can
provide 98% coverage in deep space
missions. Hence, a score of 3 is assigned to
DSN, and a score of 2 is assigned to both
ESA and China's network (STK analysis can
be found in Appendix A-4).

10

DSN, ESA and China tracking network all
support S/X/Ka bands, but not all station
in ESA and China are available for Ka
bands. A score of 3 is given to DSN, and 2
to ESA and China.

10

The lunar mission is operated by ESA, so it
is easy to use ESA network, and DSN and
China network need more negotiation,
therefore the DSN scores 2, while ESA
scores 3 and China scores 1.

5

DSN, ESA and China all have three deep
space stations, but the DSN stations have
more antennas therefore the DSN scores 3,
while ESA and China score 2.

5

DSN and ESA have more existing contracts
than China. Not all tracking demands are
met when using DSN and ESA. Therefore
the DSN and ESA score 2, while China
scores 3.

Good coverage can provide better

1

2

Coverage
tracking conditions, and transmit
Area
more data back to the Earth.

In general, space missions have
several communication channels. For
S/X/Ka example, S band can be used for
uplink command and low rate
Bands
Availability downlink data transmission. Ka band
can be used for large data
transmitting.

The availability of the ground system
is an important parameter.

3

Availability

4

Number of
tracking spacecraft, and provide
Stations backup in case of emergency.

More ground stations are good for

5

Working
Hours

It is better if the network is 7/24, but
the contribution of this is little.

Note: Weighting divides into three degrees: 10 (very important) -> 5(important) -> 1(not important).

Table 5-11: Assessment table for ground segment

Description

Weight of Score of DSN Score of ESA Score of China
Index (1-10)
(1-3)
(1-3)
(1-3)

Coverage Area

10

3

3

2

Number of Stations

5

3

2

2

S/X/Ka Bands Available

10

3

2

2

Working Hours

5

2

2

3

Available

10

2

3

1

105

100

75

Results
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From Table 5-11, it can be seen that even though DSN and ESA are both valid options, DSN appears
to be better due to increased coverage, more stations and a complete range of applicable bands.
The DSN, operated by JPL, consists of three facilities located 120 degrees apart in longitude in the
United States of America, Spain, and Australia (see figure 5-13). This placement allows for
uninterrupted communication with the near side of the Moon.

Figure 5-13: NASA's Deep Space Network distribution

5.5 Summary
In conclusion, the technology assessment allowed the team to evaluate the different options available
for the Luna Hathor mission, which could be used to fulfill the mission requirements. This
demonstrates the potential ability to conduct such a challenging mission. However, it should be noted
that a deeper preliminary analysis has to be conducted for each subsystem in order to gather more
information on the capability of each option to conduct its function.
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6. COMMUNICATION AND OUTREACH STRATEGIES
Even though remote sensing probes orbit our Moon and China’s Chang’e 3 mission has operated at
the surface of the Moon recently, the Moon has still been scientifically neglected in the last 30 years.
This is due to the developments that lead the celestial scientific community to studies directed
towards the search for extraterrestrial life on Mars, Europa, Enceladus, Titan, and even further,
through SETI and exoplanet studies. These trends do not favor scientific studies such as the study of
the geologic characteristics of the Moon and of its formation.
The inability to publicly justify the cost associated with an ambitious scientific mission to our satellite
also plays a role. The view of the general public itself does not see a Moon landing as a priority, and
even regards the landings of the past in a more critical eye than NASA’s communications may show
(Newport, 1999). However, there are still some unanswered scientific questions about the Moon to
demand a number of scientific missions (Moskowitz, 2011), but it is fair to say that, as a scientific
destination, the Moon has significantly lost its appeal after the Apollo era (Chow, 2011).
In spite of this, the Moon has gathered a lot of interest during the last few years and now is at the
center of most human exploration programs. Most human exploration programs agree on the fact
that it is necessary change focus to the Moon after the ISS, the most prominent case being the Moon
Village proposed by the Director General of ESA (David, 2015).
This does not mean that the Moon has become fashionable, in fact it is quite the opposite. A human
landing on the Moon is rarely evoked in a positive way in mainstream media. The science fiction works
surrounding our satellite picture it as a bleak and barren place, a rarely magnificent desolation, quite
realistically devoid of life (Moon, 2009). Everything linked to the Moon is not automatically
“inspirational”, we will have to make it so through a careful communication campaign.
Even the trends of New Space, which has been able to grasp a part of public attention, do not
acknowledge the Moon to be a first choice destination. Some prominent contemporary voices do not
consider the Moon as a necessary step in the human exploration of space: Robert Zubrin of the Mars
Society does not hide his disapproval of lunar plans, and Elon Musk rarely mentions the Moon (Chow,
2011). Both want to favor the exploration of the planet Mars rather than the Moon.
Thankfully for Luna Hathor, there is a deeper trend within the space community that strongly
advocates for a human return to the Moon, exemplified by the Moon Village for Europe (Hollingham,
2015). Most space agencies are working toward the way post-ISS programs will be directed to the
Moon, following the path devised by Werner Von Braun at the beginning of the Space Age
(Hollingham, 2015).
We consider Luna Hathor to be a superb opportunity to advocate for a return to the Moon, rather
than emphasizing heavily on the scientific benefits of such a mission. The messages that we will
articulate need to follow certain guidelines: be appropriate for each audience they target, add real
value to the mission, and aim to facilitate funding, acceptance, public awareness, and interest toward
the trends mentioned above. Triggering a widespread sympathy in favor of lunar missions will
undoubtedly help Luna Hathor to lift-off.
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6.1 Key Audiences and Messages.
When talking about audiences, we are usually referring to the stakeholders of a certain mission. In the
case of Luna Hathor, according to the funding mechanism chosen, those stakeholders can be divided
in three categories:
1) The Scientific Community
2) The Political Community
3) The General Public
We are going to study each of these categories to determine which are the messages best fitted for
each of them and the channels through which we intend to reach them. Those three types of
stakeholders are not weighed uniformly, and we will see that the general public does not constitute a
single uniform audience but a whole variety of actors, unlikely to react to the same stimulus uniformly.

6.1.1 Scientific Community
As previously stated, the scientific community will not constitute the core of the communication
strategy. However, the most direct outcome of this mission will be in-situ data, so devising a strategy
to involve the scientific community to take part in this endeavor should be a priority. What the
scientific community wants differs for every discipline, so we can identify the most likely audience
within the scientific community itself: geologists who will take advantage of the data collected on the
regolith, and possibly on the layers of volatiles present in the shadowed craters.
To make this mission attractive from a scientific point of view, there is a need to create a strategy that
emphasizes on the perceived value of this mission for scientists, especially young ones. The trends
today in the scientific community are articulated around three main ideas: increased connectivity,
increased transparency, increased investment (McDowell, et al., 2014). The strategy should play on all
of these three areas, through ways we will detail in the implementation section 6.3.

6.1.2 Political Community
The political structures of the United States and Europe are very different, but the overall internal
organization is quite similar. Inside the United States, some states will be more interested in investing
a lot in space activities, just as some countries will be more willing to take part in space activities in
Europe, depending on their history, and more importantly their industrial structure.
The main difference between these two partners is that the United States, since the beginning of the
space age, have chosen to make human spaceflight an inherent part of their space policy. This is not
the case with Europe, which chose to remove its human spaceflight assets in 1992 with the
cancellation of the Hermes program (Bayer, 1995). But in the case of Europe, 2015 has been a very
important year, having seen an important change in politics with the arrival of Johann-Dietrich Wörner
as Director General of ESA. Wörner appealed for what he called ’The Moon Village’, which has yet to
define an initiative and is currently not linked to any official directive, but it does focus on the human
segment of the agency (David, 2015). This new framework may allow for an opportunity window to
propose this mission as a possible first step to a Moon Village. There are many advantages in taking
this step since Europe, at least at the European Union level, is known to decide mainly on the merits
of proposals, and to be less willing to be influenced by money rather than by rationality and expertise
(Charrad, 2005).
International Space University

93

MSS 2016

Luna Hathor

Communication and Outreach Strategies

The main problem with this approach is the prohibitive cost of such a lobbying campaign. This will
create the issue of cost involving people to lobby extensively at the European Commission or at the
main decisive organs of European countries, which may be very expensive and has no guarantee of
success. Therefore, we will see in the strategic section that it will likely be more valuable to involve
the public on the importance of the Luna Hathor mission rather than convincing European politicians.
The key messages would be directed mainly to the European states which are the most involved in
the space effort such as France, Germany, and Italy. Those messages should emphasize the potential
for the mission to provide jobs for the workforce in those countries and prestige for political decisionmakers.
As for the United States, the situation is somewhat different as there already exists quite an important
human spaceflight program, but it is not focused on a specific mission. The USA aimed for a return to
the Moon with the inception of the Constellation Program in 2005, but is now focused on an asteroid
sample-return mission in cislunar space and an eventual mission to Mars. The Asteroid Return Mission
is at the moment the main focus of NASA, but this mission is slipping further and further in the future
(Foust, 2016) and it is unknown whether the focus is going to be changed at the end of the year with
the American presidential elections. Given the uncertainties of the current context, the best strategy
with this partner would be to wait until 2017 to see if the new administration changes the focus, as
some expect, and devise a new strategy accordingly.
This mission must be considered as the natural heir of the International Space Station, the next step
in international cooperation for establishing a lasting presence in space. The final goal is for Luna
Hathor to become, in a politician’s minds, the metonymy for “The next step of human exploration in
the Solar System”.

6.1.3 General Public
The term general public does not refer to anyone in particular. The degree of science literacy, interest
for space endeavors, commitment to envisioning the future, and philosophical agreement for such an
initiative vary greatly from one person to the other. Trying to please everyone with the same
arguments is a very hazardous enterprise that cannot be dealt with lightly. Therefore, it is necessary
to identify clearly a specific audience when referring to the general public. Dividing such a massive
audience into smaller groups is a difficult task, but it is a necessary step to understand the degree of
commitment and subsequently the level of involvement that the targeted audience is likely to provide.
At the same time that we measure the potential degree of involvement, it is important to point out
that mass communication devices do not allow for a specific targeting of a group according to its taste,
beliefs and aspiration: key messages to the general public cannot be tailored to fit everyone’s needs.
The different channels through which we communicate about this project will largely define the
targeted audience, henceforth determining the content and aim of the message displayed. In the case
of television for instance, the target audience will be much broader than in the case of a scientific
paper, a situation which requires key messages to be at the same time more accessible and more
engaging for the audience. Incidentally, even if the Internet changed the way communication works
nowadays, the media with the potential to reach the broadest audiences are also likely to be the most
expensive to exploit. Therefore, in addition to a solid press relations strategy coupled with an engaging
online presence, it is necessary for the mission to display strong key messages, as detailed in Selling
Outer Space (Kauffman, 2009). The rhetoric for this mission is as important, if not more, than its likely
scientific outcome. If the Apollo program benefited from the “New Frontier” slogan and strategy, Luna
Hathor must create its own powerful message.
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6.2 Generations
The general public is also divided between different generations, four of which can be easily identified:
the Apollo generation, the X generation, the Millennials, and the Z generation.
The Apollo generation, usually an aging population that remembers the lunar landings and the lost
dreams of this time gone. This generation of people is usually referred to as being unconditionally in
favor of ambitious space projects, but sociological studies suggest that only around 40% of the
American public was really in favor of the Apollo program at the time it came to fruition. In 1969, 53%
of Americans were opposed to setting aside money to go to Mars (Newport, 1999). Today, as people
old enough to remember the Apollo landings are 55 years old and more, one thing appears certain:
nostalgia is not going to be our key card to play during this campaign, but this audience should be
relatively approachable and is likely to find Luna Hathor inspiring.
The following generation, sometimes referred to as Generation X, which remembers the age of
stations and Space Shuttle, is not particularly excited about space. They are characterized by a high
level of skepticism toward the future and ambitious endeavors (Urban Institute, 2013). On average,
they agree on keeping the status quo on human exploration programs, particularly on human
exploration budgets (Newport, 1999). This makes this generation very complicated to handle from a
communication standpoint, as space does not ring the same heroic bell as for older people who
witnessed the Apollo landings. No real evolution in terms of human exploration of space has been
achieved during their life, and the Moon landings appears to be too close to the time they were alive
to belong to ancient history, but too remote to give them any sense of thrill. The Moon and its
conquest belong to the realm of Cold War crisis that they experienced themselves, being constantly
under the threat of nuclear annihilation at the time of two main powers. This audience is a difficult
one. First of all, it will likely not listen to messages which advocate for ambitious space programs, not
being inspired by space in general, except for the applications it provides (in telecommunications for
example). This is the good audience to advocate potential technology spin-offs to.
The “Millennials”, also referred to as Y generation, are not really interested in space exploration either.
Where the X generation was technologically savvy, this generation takes a step further, and have
grown up with cable TV, satellite radio, witnessed the emergence of Internet and social media, and
are addicted to smartphones, instant rewards, and mentor advices. They are fascinated by leadership,
dream of creating their own successful start-up, usually through an Internet application. Their
constant exposure to any sort of information have rendered them chronically bored and immune to
prefabricated, corporate, and marketing messages. This is paradoxically a generation which is posing
a very difficult challenge in terms of messages displayed, but is likely to provide the best amount of
return for the least spent. The communication campaign to this audience is going to be done vastly
online, which is a cheap way to reach out to a lot of people at the same time.
On the other end, space programs have been rarely known to “buzz” with this kind of audience. All
the money spent in trying to reach out to this generation could amount to nothing or, even worse,
backfire in the unlikely case of a “bad buzz”. On the other hand, in case of a “good buzz”, this is the
generation which provides the most important potential rewards, as it is slowly gaining bargain power
toward companies who exploit the growing business of Big Data, but also politicians who are eager
not to miss the current online trends and would likely advocate in favor of space exploration if the
matter became suddenly popular. This has been seen particularly widely with the comet landing of
the Philae probe in 2014: the attention of a huge part of the world has been focused on this event,
superlatively qualified (Schaub, 2014), whereas the landing of Huygens on Titan just 9 years prior was
met with relative indifference from the general public (ESA, 2005).
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There is no real way to know how this generation could react to an ambitious space program led by
government, but what is very well know is the recent rise of enthusiasm for private space companies,
the leader of which is SpaceX, led by the charismatic Internet tycoon Elon Musk. Inspirational,
dynamic, and surprising, this company has generated an impressive amount of praise from a
generation normally not inclined to look up from their cellphones. Proof is made that space can be
inspirational again and attract talents, but this has to be done the right way.
Because there are two different types of philosophy today, one of which is very powerful among the
Y generation: the end of growth, also called sustainable development or “Spaceship Earth” (Fuller,
1968), is the idea against further human expansion, because human beings are bad in essence. This
idea finds its roots in the Malthusian school of thought (Malthus, 1798), and spreads easily among the
millennials: the 2008 economic crisis, the unemployment level, terrorism, global warming… The daily
exposure to violence in the media have rendered this generation anxious and pessimistic about the
future, which would likely render key messages like “the future of humanity is on the Moon” mostly
useless, as they would be met at best with polite indifference, and at worst with hostility (NASA,
2011b).
The best messages therefore make the best use of social media, emphasize on creating an emotional
bond with the public, and tend to popularize and humanize the subjects at hand, while displaying news
regularly and with a good dose of harmless humor. It takes time, but if the guidelines are clearly set,
a single community manager can do a lot of good for a mission (Schaub, 2015).
Finally, the Z generation is not yet known, because they are too young to understand the stakes of the
space programs, but they are born with the Internet, know how to use all connected devices, and will
likely not know how to live in a world without the web. The trends for this generation are not set yet,
and their reaction to outreach cannot be known at the moment, but they will ultimately play a role on
the perception of this long-term human settlement project, therefore making it important that the
message we want to deliver is favorably perceived.

6.3 Implementation Strategy
This cooperation mission should not modify the structure of the communication departments of
current space agencies, but make the best use of them by supplying them with clear guidelines
regarding the messages to be displayed.

6.3.1 Classic Media Outreach
ESA and NASA’s communication departments will be the primary actors for such an implementation
to take place. They should target various audiences, throughout all the generations: whether they talk
to the Apollo generation, the Millennials, or the Z generation, the messages they display should be
very clear. Such messages could be similar to the following:
“Together, we can settle the Moon”
“Drilling our way to the future”
“The Moon, our new frontier”
“The first brick of the Moon village”
It must be made clear from the beginning that this mission is a first step toward the human settlement
of the Moon. Messages such as “the first brick of the Moon Village” or “Landing on the Moon, this
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time to stay” should be tested first to a small audience to monitor their efficiency. The channels used
to display those very broad messages are classic media: TV, Radio, Newspapers, or official ESA and
NASA websites. This is where a top-down approach, such as the making of videos, documentaries and
press releases, is much needed to attract an audience, especially to the key moments of the mission.
The launch should be covered, but the most important moment in terms of communications will be
the landing on the Moon: as our satellite is only 1.3 light-seconds away, there will be an opportunity
to film a lunar landing and display it for the first time almost live. Press relations are therefore a matter
to watch closely to make sure to get the broader exposure possible.

6.3.2 Internet Outreach
The second way to get the best exposure on this mission is the most modern one, and involves the
use of social media. This is especially tailored to reach out to the Millennials and Z generation, which
use them a lot. ESA and NASA Community Managers should be in charge of this aspect of the
communication, but it is very important that they are experienced individuals with a solid background
in web communication, or even outside contractors if needs be. A bad buzz is one of the worst thing
that can happen to a communication campaign (Wells & Drake, 2008), and experienced professionals
can help prevent this.
This channel should work before, during, and after the mission. This a constant presence that has to
be strengthened by a very clear outline and strategy. Daily messages, answers to public queries, and
information broadcast with humor when possible should be offered to the public. Interaction and
encouragement of public participation, answering directly to the questions of the public, are a very
powerful way to engage it and would help spreading awareness for the mission.
There are a lot of theories on the good use of social media and how they can bring the best to projects.
The most important aspects of it in the case of Luna Hathor is to keep it simple, because the attention
span of the audience is scarce, especially regarding space matters (NASA, 2011b). Another very
important feature of web marketing for this mission is consistency: clear guidelines must be
established, notably by taking into account lessons learned from previous campaigns, like the highly
successful campaign of Rosetta and its little lander Philae in 2014 (Schaub, 2014). Some interesting
ideas to explore are the creation of movies and cartoons to go with social media accounts and give
Luna Hathor a real personality and human attributes, in order to create an emotional bond between
the internet user and the mission.

6.3.3 Scientific Communications
Scientific blogs, dedicated blogs for the mission, press releases to scientific publications, and the
publication of scientific paper for free on a Luna Hathor dedicated website would be a great way to
involve the scientific community around this project. Offering the data collected by the mission in an
open manner to the scientists willing to exploit it would be an especially powerful way of promoting
Luna Hathor to the scientific community. Getting the scientific community onboard is very important
in order to gather support for this mission before the landing, and after in order to exploit the data as
much and as well as possible.
To target a wider audience, it will be important to create popular scientific articles about the rationale
behind a human settlement on the Moon, the Luna Hathor mission itself, and its final ambitions. This
cannot be done efficiently without the help and enthusiasm of the scientific community, which is why
the outreach strategy should focus on giving the scientists the best and easiest way to have their
articles published and popularize their findings to the general public.
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6.3.4 Political Communications
Finally, targeting politicians to get them onboard as well is another important course of actions to take
to get this mission off the ground. Some lobbying will be needed to convince political actors of the
feasibility, importance, and opportunity that this mission conveys. The messages displayed should be,
in priority:


This project will bring jobs and prestige to the countries involved in it, reinforce the industrial
base and will generate a number of spin-offs, with only a slight increase in agency budgets.
This project is a natural continuity of the International Space Station and will strengthened
commercial ties between the partners involved.



This mission is the direct heritage of what has been done previously in space. It is a natural
evolution of the International Space Station.



This mission will be done in cooperation with international partners in a spirit of peace and
progress.

Additionally, Luna Hathor should be presented at international conferences where decision-makers
can be easily reached and a message like Luna Hathor has more chances to be received with praise
and sympathy:


The International Space Exploration Coordination Group



The International Astronomical Council



The United Nations Committee on the Peaceful Uses of Outer Space



The Space Generation Advisory Council

This mission should be taken upon by ESA and NASA top-management people, as well as astronauts
because of their prestige. Only high-ranking individuals will be able to convey this message efficiently
to the intended public of decision-makers. This pressure should be applied on the political community
before the mission and after, in order to obtain a continuity and follow-ups missions.

6.3.5 Summary
We can see that a mission like Luna Hathor cannot be put together if a great number of actors do not
agree on the outcomes of the project, which is why it is very important to bring those actors together
in accordance on the objectives. The strength of Luna Hathor is that it has something valuable for
every audience it targets: it is a spectacular mission that conveys promises for a better future for the
general public, it is a scientifically worthy mission, hopefully the first step in a more ambitious scientific
program that may involve human landings on the Moon for scientific exploration of the cosmos, and
for the political community, it has both the advantage of being an ambitious, prestigious and
spectacular mission while being relatively risk-free (no human life is a stake in case of failure) and
provides a sense of continuity in human space programs for the workers of the space industry as well
as the international partners that want to keep the expertise in international projects obtained
through the work performed since 1998 on the International Space Station.
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7. CONCLUSIONS
The Luna Hathor Project introduces a framework for international collaborations in order to assess
various space missions (with mission case scenarios like lunar deep drilling mission) for merits and
demerits in an international environment. The framework comprises of eight key components in
Governmental policies, economics, scientific and outreach rationales, stakeholders and funding, TRL
levels, science & business objectives and risks (space ventures), and brings out the interaction of the
various elements through Complementary rationales and Opportunities, consequently proposing new
collaboration/partnership structures. Two cost scenarios for a lunar mission and a mission case study
for validating drill technology for Moon or asteroid drilling were undertaken and results brought out.
The international partnerships carry significant amount of inherent risk and an analysis was done to
bring out the drivers both in individual elements and overall collaboration.
Further, critical elements of the framework in legal feasibility, ethics, scientific rationales, technology
assessments and outreach strategies are discussed in the report, entailing the key drivers and
consequential impact on a deep drilling lunar mission.
Legal feasibility focuses on the long term aspects of exploration, exploitation, property rights, and
sovereignty within a variety of proposed and potential future legal regimes for celestial bodies, and in
conjunction with the proposed collaborations from the framework, looks at long term likelihood multiscenario analysis. It also puts together a set of potential Legal regimes for the Moon and analyses in
sufficient detail on how the future legal frameworks would impact various drivers and motivators.
Finally discusses the ethical aspects of mission scenarios and long term exploration rationales.
Science rationales are drivers for the scientific and technical community of a country and have been
supplemented by a thorough analysis of Regions of interest on the Moon for generating specific
science objectives in the report. With a focus on maximizing the value of science for a deep drilling
lunar mission, scientific relevance of sub-surface characteristics and minerals, topography, formation
hypothesis, and atmosphere have been discussed and a preferred Region of interest selected and
analyzed.
Technology assessment focuses on existing technologies and concepts, demonstrates and links tradeoff studies to feasibility, and identifies options for critical sub-systems for a deep drilling lunar mission.
Presents alternative mission concepts with available options for drilling systems, landing systems,
communication systems, and ground segment with recommendations for future implementation. A
typical Space Mission Analysis and Design (SMAD) analysis for requirements and constraints is
performed, and assessments on parameters like reliability, cost, mission duration, quality of data and
mobility are given. A concerted trade-off study and sub-system level analysis on drilling systems and
lander systems is performed, along with a trade-off study on communication systems and ground
systems.
Outreach describes the communication strategies, identifying key audiences (scientific community
political community and general public) and messages. With a focus on effective outreach for a space
agenda, it classifies audience into generations and their interactions with space projects historically,
and suggests an implementation strategy of outreach through classical media, internet, scientific and
political methods.
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In terms of recommendations for further work, the following are of interest:





Detailed quantitative analysis for the framework elements and deconstruct high level
conclusions into actionable points
Mapping various mission specific stakeholders for funding and technology capability for role
in private missions
Use of Delphi system to substantiate various rationales, opportunities and collaboration
structures from policy, law, business and technology stakeholders
Immediate initiation international cooperation on evolving the legal regime for celestial
bodies and the Moon in particular

Thus Luna Hathor Project, in combination with the above key drivers and their impacts, puts forth a
bottom-up approach to an interdisciplinary problem, analyses through introduction of a proprietary
framework method, and defines a reasoning structure for international collaborations for space
missions, and in particular complex lunar missions. The report, thus, has been concluded.
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APPENDIX
Table A-1: United Nations treaties and Resolutions of space law (UNOOSA, 2015)

Year

State
Parties

Signatures

Relevance

1967

103

25

High

Agreement on the Rescue of Astronauts, the Return of Astronauts and the
1968
Return of Objects Launched into Outer Space (the "Rescue Agreement")

94

24

Low

Convention on International Liability for Damage Caused by Space
Objects (the "Liability Convention")

1972

92

21

Medium

Convention on Registration of Objects Launched into Outer Space (the
"Registration Convention")

1975

62

4

Medium

Agreement Governing the Activities of States on the Moon and Other
Celestial Bodies (the "Moon Agreement")

1979

16

4

High

Agreement
Treaty on Principles Governing the Activities of States in the Exploration
and Use of Outer Space, including the Moon and Other Celestial Bodies
(the "Outer Space Treaty")

Year

General Assembly
Resolution

Relevance

Declaration of Legal Principles Governing the Activities of States in the
Exploration and Uses of Outer Space

1963

1962 (XVIII)

Low

Principles Governing the Use by States of Artificial Earth Satellites for
International Direct Television Broadcasting

1982

37/92

Low

Principles Relating to Remote Sensing of the Earth from Outer Space

1986

41/65

Low

Principles Relevant to the Use of Nuclear Power Sources in Outer Space

1992

47/68

Low

Declaration on International Cooperation in the Exploration and Use of
Outer Space for the Benefit and in the Interest of All States, Taking into
Particular Account the Needs of Developing Countries

1996

51/22

Medium

Application of the concept of the ‘launching State’

2005

59/115

Medium

Recommendations on enhancing the practice of States and international
intergovernmental organizations in registering space objects

2008

62/101

Medium

Declaration or Legal Principle
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Table A-2: Conditions for authorization in selected national space legislation (Hertzfeld, 2011, p. 333)
Additional
Regulation

Country

Authorization

Supervision

Registration

Indemnification

United States

√
√
√
√
√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√
√
√
√
√
√

√
√
√
√

√
√
√

√
√
√
√

√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
√

√
√
√

√
√
√

√
√

√
√
√

√

√

Russian Federation
Ukraine
Kazakhstan
Norway
Sweden
United Kingdom
France
Belgium
The Netherlands
Austria
Australia
South Korea
Spain
Italy
Germany
Canada
China

√

India
South Africa
Brazil
Chile

√

Columbia
Japan

√
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Table A-3: Drilling technologies overview

#

Drill System

Developer

1

MK2 Drill

2

Mars Coiled Tubing Drilling (MCTD)

3

Mars Mole Drilling (MMD)

4

Drilling Automation for Mars Exploration (DAME)

NASA / Honeybee

5

Mars Astrobiology Research and Technology Experiment (MARTE)

NASA / Honeybee

6

ZAPTEC

7

Auto-Gopher Drill

8

Asteroid Water Extrator

Honeybee

9

Mobile Penetrometer

DLR/ ESA

10

Pluto Mole, Mars Beagle 2

11

Mars Underground Mole (MUM)

12

Inchworm Deep Drilling System (IDDS)

Honeybee

13

Mole Type

JAXA / ISAS

14

Smart Space Drilling System (SSDS)

15

Mogura2001

16

Contra-rotor Screw, Double rotation

JAXA/ ISAS

17

ICE Breaker Drill

Honeybee

18

Icebreaker

19

Dual Reciprocating Drilling

International Space University

NASA
Reelwells
NASA

Zaptec, Inc
Honeybee / NASA/
Univ of California

ESA
NASA

Northeastern
University
Tohoku University

Carnegie Mellon
University
University of Surrey
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Figure A-4: STK analysis of networks coverage across the three cases considered with Common Input
Parameters of 10° elevation restriction for each station, and two days simulation of Earth-Moon
communication link

CASE 1
DSN (Deep
Space Network)
100% coverage
(results on the
right)

CASE 2
ESA deep space
network
1h04min gap,
96% coverage
(results on the
right)

CASE 3
CNSA deep space
network
31min gap, 98%
coverage
(results on the
right)
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Table A-5: Mission concepts assessment details

R
1
2
3
4
5
6
7
8
9
10
11
12
1
2
3
4
5
6
7
8

Lander
Lander
Lander + Rover
Lander
Lander
Lander
Lander + Rover
Lander
Lander + Rover
Lander + Rover
Lander
Lander + Rover
Lander
Lander
Lander + Rover
Lander + Rover
Lander + Rover
Lander
Lander + Rover
Lander + Rover

Orbit
Direct
Low Thrust
Low Energy

R

C
5
2
3

C
4
4
3
4
4
4
3
4
3
3
4
3
4
4
3
3
3
4
3
3

4
2
2

MD QD M
5
5
2
5
5
5
2
5
2
2
5
2
5
5
2
2
2
5
2
2

R
1
1
4
1
1
1
4
1
4
4
1
4
1
1
4
4
4
1
4
4

Controlled
Controlled
Controlled
Fully Automated
Controlled
Controlled
Controlled
Fully Automated
Fully Automated
Controlled
Controlled
Controlled
Fully Automated
Fully Automated
Fully Automated
Controlled
Fully Automated
Fully Automated
Fully Automated
Fully Automated

MD QD M Total
5
2
2
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50
60

C
3
3
3
2
3
3
3
2
2
3
3
3
2
2
2
3
2
2
2
2

3
3
3
2
3
3
3
2
2
3
3
3
2
2
2
3
2
2
2
2

MD QD M
R C MD QD M
R C MD QD M Total
4 4 In-Situ Analysis 4 4 4 3
DSN
5 4
4 4 In-Situ Analysis 4 4 4 3
Fixed GS
3 3
4 4 In-Situ Analysis 4 4 4 3
DSN
5 4
2 2 In-Situ Analysis 4 4 4 3
DSN
5 4
4 4 In-Situ Analysis 4 4 4 3
Multiple GS
4 1
4 4 Sample Return
2 2 2 5
DSN
5 4
4 4 In-Situ Analysis 4 4 4 3
Fixed GS
3 3
2 2 In-Situ Analysis 4 4 4 3
Fixed GS
3 3
2 2 In-Situ Analysis 4 4 4 3
DSN
5 4
4 4 In-Situ Analysis 4 4 4 3
Multiple GS
4 1
4 4 Sample Return
2 2 2 5
Fixed GS
3 3
4 4 Sample Return
2 2 2 5
DSN
5 4
2 2 In-Situ Analysis 4 4 4 3
Multiple GS
4 1
2 2 Sample Return
2 2 2 5
DSN
5 4
2 2 In-Situ Analysis 4 4 4 3
Fixed GS
3 3
4 4 Sample Return
2 2 2 5
Fixed GS
3 3
2 2 In-Situ Analysis 4 4 4 3
Multiple GS
4 1
2 2 Sample Return
2 2 2 5
Fixed GS
3 3
2 2 Sample Return
2 2 2 5
DSN
5 4
2 2 Sample Return
2 2 2 5
Fixed GS
3 3

1
2
3
4
5

368
340
340
334
334
330
312
306
306
306
302
302
300
296
278
274
272
268
268
240

Grade (0 to …)
Reliability
10
Cost
8
Mission duration
7
Quality of data
6
Mobility
2
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Table A-6: Lunar lander missions (Krebs, 2015)

Mission
Sputnik 25
Luna 1963B
Luna 4
Luna 1964A
Luna 1964B
Cosmos 60
Luna 1965A
Luna 5
Luna 6
Luna 7
Luna 8
Luna 9
Surveyor 1
Surveyor 2
Luna 13
Surveyor 3
Surveyor 4
Surveyor 5
Surveyor 6
Surveyor 7
Cosmos 300
lunar 1969
Cosmos 305
Luna 16
Luna 17
Luna 18
Luna 20
Luna 21
Luna 23
Luna 1975A
Luna 24
Chang'e 3

Date

Success

Failure

Lander

Lander +
Rover

1963
1963
1963
1964
1964
1965
1965
1965
1965
1965
1965
1966
1966
1966
1966
1967
1967
1967
1967
1968
1969
1969
1969
1969
1970
1971
1972
1973
1974
1975
1976
2013

0
0
0
0
0
0
0
0
0
0
0
1
1
0
1
1
0
1
1
1
0
0
0
1
1
0
1
1
0
0
1
1

1
1
1
1
1
1
1
1
1
1
1
0
0
1
0
0
1
0
0
0
1
1
1
0
0
1
0
0
1
1
0
0

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
1
1
0
1
1
0
1
1
1
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
1
0
0
1
0
0
0
1

28
10
35.7%

4
3
75.0%

Total Missions
Successful Missions
Success Rate

International Space University

32
13
40.6%
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Table A-7: Mars lander missions (Krebs, 2015)

Mission
2MV-3 No.1
Mars 2 Lander
Mars 3 Lander
Mars 6 Mission
Mars 7 Mission
Viking 1
Viking 2
Mars 96
Mars Pathfinder
Mars Polar Lander
Beagle 2
MER-A "Spirit"
MER-B "Opportunity"
Phoenix
MSL Curiosity

Date

Success

Failure

Lander

Lander +
Rover

1962
1971
1971
1973
1973
1975
1975
1996
1997
1999
2003
2003
2004
2008
2012

0
0
0
0
0
1
1
0
1
0
0
1
1
1
1

1
1
1
1
1
0
0
1
0
1
1
0
0
0
0

1
1
1
1
1
1
1
1
1
1
1
0
0
1
0

0
0
0
0
0
0
0
0
0
0
0
1
1
0
1

12
4
33.3%

3
2
66.7%

Total Missions
Successful Missions
Success Rate

International Space University

15
7
46.7%
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8 Medium

3 8.1inch in 1 hr in ICE4wedges
NA

Robustness

Time
taken to
drill

5 High

5 TRL 3

397

2 TRL 5 as of 2012

TRL

314

6 core (length 5.4") 5 Core/cuttings

Sample
Return
Type

From
Lander

4 NA

292

10 Medium

3 TRL3

MMD
carries insitu
equipmen
5
t’s and
performs
the
analysis

Not
10
Required

4

4 Low Mass

9 NA

(NASA/Honeybee)

Mars Astrobiology
Research and
Technology
Experiment MARTE
(Zaptec, Inc)

ZAPTEC

279

5 Low
Took
32hr for
drilling
4
2.76m in
Artic
Canada

3 TRL 5

5 Core / Cuttings

5 Yes

4 50 - 200w

4 20kg

4 NA
1.5m in
length

5 NA

306

1 Medium

5 TRL 5

Core
(27mm x
5
250mm)
(d x h)

10 Yes

6 150Watt

6 NA

4

4.8cm in
dia

4

NA

5 High

5 TRL3

5 Powder

10 Yes

6 2Kw

402

4

4 440kg (45kg drill)

4 NA

6 NA

369

5 Low

Took
15hr for
drilling
2m in
antartica

5 TRL1

5 Powder

10 Yes

7 NA

6 NA

4 NA

10 Medium

3 TRL 5

10 Core

10 Yes

4 90Watt

4 20kg

7.2cm in
4 dia x 2m
in length

Field
Tested
for 3m
Safe till
20m

286

Deep Drill
Possible
6

Specificat
ion

4 NA

395

1 Medium

1 TRL5

10 Powder

10 Yes

4 25w

4 2kg

10cm in
dia x
4
165cm in
length

(Tether)

Deep Drill
Possible

10

Point

(Limited
only to
the tether
cable)

Specificat
ion

280mm in
length

8

Yes

From
Lander

8 900g (only drill)

9

20mm in
dia

4 NA

365

5 Medium

5 TRL8

10 Powder

2500g(Ma
rs Model)

2x28cm(P
luto
Model)

4x50cm
(Mars
Model)

(Tether)

Deep Drill
Possible

510g(Plut
o Model)
10w(
Mars
4 Model)
3w(Pluto
Model)

9

7

6

5m

Specificat
ion

Powder
or Core

433

TRL3
(Mars
Model)
8
TRL5
(Pluto
Model)
5 High
1.3hr for
5m in
Mars
4
2hr for
5m in
Pluto

8

1m in
length

8 NA

10 High

3 TRL 3

10 Powder

432

9 Single RTG

8 NA

6

15cm in
diameter

6 1 km

Specificat
ion

Specificat
ion

NA

4 NA

10 High

3 TRL3

362

(using
conveyou
r belt
mechanis
m)

Yes

10 yes

16cm in
dia x
50cm in
length

4 570W

4 50kg

4

6 Deep Drill

Specificat
ion

4 NA

342

10 Medium

3 TRL3

Cutting
(Sliding
Bucket
10 and the
drill
needs to
come up)

Yes
(Drill
Needs to
10
be pulled
out each
time)

Point

9 Solar Powerd

4 NA

5 (2cm x
10cm
concept
model)

10

SSDS (NU)

6 NA

5 NA

6 NA

5 Deep Drill

Specificat
ion

4

4

4

5

10

Point

4 NA

10 Low

3 TRL 4

282

4

1

4

4 In powdered form 10

10 Yes

Point

(Kenji, et al., n.d.)

Double rotation

Smart Space Drilling
Contra-rotor Screw
System

(Gorven, et al., n.d.) (Yinghui, et al., n.d.)

(JAXA/ISAS)

Mole Type

10 Deep Drill

Point

(Myrick & Gorevan,
2006)

IDDS (Honey bee)

10 Yes

Point

(Stroker, et al., 2003)

(NASA)

Mars Underground
Mole (MUM) Mole

10 Yes

Point

6 Several meters

Specificat
ion

(Stroker, et al., 2003)

Pluto Mole(ESA)

The drill
10 needs to
be lifted
each time

Point

(Richter, et al., 2004)

(DLR and ESA)

Mobile
Penetrometer

5m

Point

(Cohen, 2013)

(Honeybee)

Asteroid Water
Extrator

Deep Drill

Specificat
ion

(Yoseph, et al., 2012)

(Honeybee / NASA/
Univ of California)

Auto-Gopher Drill

(George, 2012) (Hoftun, et al., 2013) (Glass, et al., 2009) (Cannon, et al., 2007) (Johansen, et
al., n.d.) (Bar-Cohen, et al., 2012) (Cohen, 2013) (Richter, et al., 2004) (Stroker, et al., 2003)
(Stroker, et al., 2003) (Myrick & Gorevan, 2006) (Gorevan, et al., 2008) (Yinghui, et al., 2006)
(Nagaoka, et al., 2008)

Total

8 Yes

Sample Return

10 Yes

5 100W (30VDC Max Volt)
6 From Lander

7 Low Mass

15cm in
4
dia

Specificat
ion

(DAME) (NASA/Honeybee)

Drilling Automation
for Mars
Exploration

(Howard N, et al.,
(Johansen, et al.,
(B J, et al., n.d.)
n.d.)
n.d.)
Specificat
Specificat
Specificat
Point
Point
Point
Point
ion
ion
ion
Deep Drill
3.3m
of 10m
6.05m
field
Deep Drill
tested
Possible
(5m was
10
5 the intial
6 2km
10
test goal)

(Christopher, et al.,
2013)

Mars Mole Drilling
(MMD)

10 Deep

Point

Power

6 13.5kg

Weight

215cm in
length

4.5cm in
dia

(Hydraulic
ally)

Deep Drill
Possible

Specificat
ion

2km

Point

(Christopher, et al.,
2013)

Mars Coiled Tubing
Drilling (MCTD) (Reelwells)

2m

Specificat
ion

5

10

(NASA)

(Jeffrey A, 2012)

Drill Size

Max Depth

Description Grade

MK2 Drill

Luna Hathor
Appendix

Table A-7: Drill trade-off study

MSS 2016

Luna Hathor

International Space University
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