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This team is comprised of individuals from different countries whom all individually and collectively represent Planet Earth. We believe it is
particularly important to emphasize that space
is the domain of all humankind, a major theme
of this report, and that it should be used to
solve universal challenges. Additionally, this report suggests the possibility of a future where
it cannot be assumed that every human comes
from Earth, giving rise to a new generation on
the Moon. This flag represents our home, planet
Earth.

Abstract
Future lunar surface and gateway missions are being proposed by a range of actors, namely space
agencies, companies, and academics. In many instances, these actors have independently developed
their own mission strategies and architectures; sometimes complementary, sometimes contradictory.
Among these are science, resource utilization, and exploration missions with distinct scientific,
economic, security, and social rationales. Each of these mission concepts may eventually support the
development and evolution of a lunar base. The lunar mission literature contains several key themes
and relevant areas of research, which include infrastructure required to support a lunar base,
requirements for human living and survival on the surface, and the international governance and
operational aspects needed to support such a project. Although the literature provides broad evaluation
of the technical, scientific, and international requirements for lunar base activities, it contains significant
gaps in evaluating the rationales for returning to the Moon and the sustainability of these proposals.
Sustainability is important to consider for a lunar base evolution to ensure that proposals are feasible
and ethical for the long term. To address this insufficiency, this project reviewed existing lunar activity
plans and developed Lunar Sustainability Goals and rationales, which can be integrated into currently
planned lunar surface missions. These fifteen goals, developed in line with the United Nations
Sustainable Development Goals (SDGs), the Committee on the Peaceful Uses of Outer Space (COPUOS)
Long Term Sustainability of Outer Space Guidelines, and in consultation with external advisors, are: (1)
Open Access, (2) Peaceful Purposes, (3) Diversity and Opportunity, (4) International Cooperation, (5)
Education and Outreach, (6) Environmental Protection, (7) Heritage Protection, (8) Health and Safety, (9)
Sustainable Transportation, (10) Standardization, (11) Space Debris Mitigation, (12) Zero Waste, (13)
Sustainable Energy, (14) Sustainable In Situ Resource Utilization, and (15) Earth Applications. Ultimately,
these goals, along with their accompanying targets and indicators, serve to inform decision makers
within the space community about the viability of and potential for incorporating sustainability into
planned lunar surface missions.
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Faculty Preface
The ISU MSS19 Program brought together a class of graduate students from many different countries
and professional backgrounds. This class participated in a variety of lectures, workshops, assignments,
professional visits, internships, and individual and team projects. These activities focus on intercultural,
international, and interdisciplinary aspects—the keys to the ISU MSS curriculum.
During MSS19, two different team projects were carried out: “In Orbit Manufacturing” and “Lunar
Settlement Evolution.” This report contains the findings of the Lunar Settlement Evolution project, now
named Sustainable Moon, which provides an in-depth analysis of the rationales for humankind
returning to and settling on the Moon and highlights Lunar Sustainability Goals for such a settlement.
In the past, the primary focus had been on Mars as the next step for human space exploration, while the
Moon was considered a waste of resources. But recently, the Moon has become a target for research
activities and an option for a human outpost. Several space actors, including space agencies, are
proposing interesting options, ranging from building space telescopes and solar power plants to
habitats and settlements for humans. Thus, this team project is timely as it engages students and
space enthusiasts to examine opportunities and impacts that the Moon could have on humankind.
The Sustainable Moon project was carried out by nineteen students from eleven countries over a
five-month period. The team eagerly started the project and quickly discovered that defining the scope
was a difficult undertaking. To address this issue, the team decided to focus on the evolution of a
sustainable and eco-friendly human lunar settlement. Guided by the UN Sustainable Development Goals
the team developed a report consisting of three main sections: rationale for a return to the Moon, a
roadmap that details the development and operations of a new human settlement, and sustainable
goals for the establishment of the settlement.
But such project is not only about technology, research and documentation. It is also about human
aspects in team building, team organization, and team and project management in an international,
intercultural, and interdisciplinary context. The Sustainable Moon team initially tried different
approaches and then implemented a robust management structure. Through this team-building
exercise, as cumbersome as it was at times, team spirit emerged and provided the individual buy-in
required to meet the project aims, objectives, timeline, and deliverables. This proved helpful, especially
in the days prior to final report submission, because everyone remained focused and aligned to the set
goals.
Throughout the project, the Sustainable Moon team demonstrated high-levels of professionalism,
discipline, and maturity. They have made great progress as a team and individually, because they
reinforced the individual qualities and strengths of team members. They learned from mistakes and
continued to further improve content and quality. “Failure was not an option” for the team.
On behalf of the whole ISU faculty and staff, I would like to thank the team members for their dedication
and hard work and am pleased to recommend the Sustainable Moon report to you.
Prof. Volker Damann, MD | Human Performance in Space
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Team Preface
After becoming the first person to walk to both poles in 1989, Robert Swan, stated: “The greatest threat
to our planet is the belief that someone else will save it (Swan, 2009).”
Since then, many threats to a sustainable human presence on Earth have become exacerbated, such as
climate change, deforestation, pollution, biodiversity loss, and inequality. As a call to action for the
nations of the world, in 2015, the United Nations (UN) established seventeen Sustainable Development
Goals (SDGs) to foster economic and social prosperity while simultaneously protecting the environment
for future generations. While efforts to preserve Earth are underway, a focus on sustainability, to
prevent the mistakes made on Earth from reoccurring on the Moon, is necessary when considering the
establishment of human settlements on other celestial bodies.
Several space agency, industry, and private organization roadmaps have established visions of the
Moon as having a lunar base with a continuous human presence. The purposes of these missions
range from scientific and technological to resource utilization and cultural exploration. However, no
current roadmaps or rationales for returning to the Moon establish clear sustainability goals to protect
these rationales long-term.
Within this context, we have worked with ISU faculty and external advisors within space agencies,
companies, and organizations to develop fifteen Lunar Sustainability Goals, with corresponding targets
and drivers modeled after the UN SDGs, to provide guidelines for long-term cooperation, environmental
preservation, and human protection for currently planned lunar missions.
Our working group, which is comprised of 19 Masters students from 11 countries with prior expertise
ranging from medicine and law to engineering and architecture, developed these Lunar Sustainability
Goals (LSGs) from November 2018 to March 2019 to complement existing roadmaps, address existing
gaps, and complement the interests, skills, and experience of our group members.
The first critical step in establishing a sustainable lunar base is the establishment of a strong
Earth-centric rationale base for returning to the Moon. Therefore, this report begins by describing the
economic, technological, scientific, cultural, security, political, and legal rationales for returning to the
Moon. These rationales are balanced with rationales for not returning to the Moon that threaten
sustainability, which are then responded to by our team.
Thereafter, the report reviews current roadmaps for returning to the Moon and consolidates them into a
general roadmap on which the LSGs can be applied. This roadmap provides an overview of the
prevailing plans for lunar missions, while considering alternative directions.
Lastly, the LSGs are described, with corresponding targets, drivers, and analyses that describe the
problems each goal is designed to address.
It is with these goals that we hope to evoke new ways of thinking about lunar settlement for
decision-makers within the space community and inspire future generations to take care of the Moon
as seriously as we care for the Earth.
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1.

Introduction

Sustainable Moon is an ISU MSS Team Project that consisted of the assigned task of writing a report
detailing lunar settlement evolution. Over the course of an extensive literature review conducted from
November 2018 to December 2018, several critical gaps in the literature were identified. While
numerous space actors have announced plans to go to the Moon, very few have supported their
mission architectures with technological detail, even though concepts for lunar habitation are well
documented. Most critically, the existing roadmaps fail to motivate why anyone should be invested in
going to the Moon, or how the lunar base will be maintained sustainably once established. Therefore,
current lunar missions are both non-starters in terms of rationale, and non-finishers in terms of
longevity.
This project seeks to fill these gaps by developing supported rationales for and against returning to the
Moon. These rationales are then explained within the context of currently planned lunar surface
missions. In order to be able to map the rationales onto lunar roadmaps, this project consolidates
blueprints and existing lunar exploration concepts into a five phase generic lunar settlement plan. Then,
building upon these rationales and the consolidated roadmap, Sustainable Moon created a set of fifteen
Lunar Sustainability Goals to ensure that proposals for future lunar missions are feasible and
sustainable for the long term. These fifteen goals, modeled on the United Nations Sustainable
Development Goals (SDGs), the Committee on the Peaceful Uses of Outer Space (COPUOS) Long Term
Sustainability of Outer Space Guidelines, and developed in consultation with external advisors, are: (1)
Open Access, (2) Peaceful Purposes, (3) Diversity and Opportunity, (4) International Cooperation, (5)
Education and Outreach, (6) Environmental Protection, (7) Heritage Protection, (8) Safety and Rescue,
(9) Sustainable Transportation, (10) Standardization, (11) Space Debris Mitigation, (12) Zero Waste, (13)
Sustainable Energy, (14) In Situ Resource Utilization, and (15) Earth Applications. Ultimately, these
goals, along with their accompanying targets and indicators, serve to inform decision makers within the
space community about the viability of and potential for incorporating sustainability into planned lunar
surface missions.
Sustainability has no universally agreed definition and meaning, however for the purpose of this report,
we refer to sustainability in its broadest sense, encapsulating many topics from environmental and
social sustainability, to economic and cultural sustainability. We find the definition from The World
Commission on Environment and Development accurately conveys our use of the word sustainability:
“A process of change in which the exploitation of resources, the direction of investments, the orientation
of technological development and institutional change are all in harmony and enhance both current and
future potential to meet human needs and aspirations.” Provided herein, and detailed in Table 1.1 below,
are the sections in which one can find the review of the rationales for returning to the Moon, the multi
phased approach to establishing a lunar settlement, and the description of fifteen Lunar Sustainability
Goals presented above.
The Purpose section is important to establish why space agencies, private companies, and
organizations are all considering missions to the Moon. A broad range of reasons, which include
economic, scientific, technological, cultural, security, and policy justifications are discussed. An
introduction and conclusion of the Purpose section are provided in Sections 2 and 2.7, respectively.
The Roadmap section is important to consolidate the range of existing plans for lunar settlement that
currently exist in terms of their common characteristics. Five phases are covered (i.e., Robotic
Surveillance, Infrastructure Preparation, Habitat Development, Basic Operations, Lunar Settlement)
within which several stage-gates are detailed (i.e., operational requirements for infrastructure,
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governance, and human factors). An introduction and a summary of the Roadmap section are provided
in Sections 3 and 3.6, respectively.
Table 1.1. Overall report structure

Section
Number

Section

1

Introduction

2

Purpose

A comprehensive review of the major rationale for returning to
the Moon

3

Roadmap

A roadmap setting out a multiphase approach to a lunar base,
with analysis of each of the major phases (including
requirements and stage-gates)

4

Lunar Sustainability
Goals

Introduction to the sustainability goals, the targets and drivers,
and analysis justifying their importance and inclusion

5

Discussion

Ties together the above themes and addresses the challenges
of evolving a lunar settlement

6

Conclusion

Underscores the key takeaways from this report

Description
Frames the vision, mission, scope, aims, objectives, and
approach

The Lunar Sustainability Goals establish guidelines supporting the conduct of lunar missions in
accordance with the United Nations (UN) SDGs and relevant international frameworks. The fifteen goals
presented previously in this introduction are covered, which broadly include social, political,
international, environmental, and safety issues. Each goal includes analysis of the problem addressed, a
list of facts to substantiate the analysis, targets to achieve within each goal, and drivers for these
targets. An introduction to the Lunar Sustainability Goals section is provided in Section 4 .
However, all of these sections can not exist on their own and
and result
together
in ahelp
lunaroutline
base which
a lunarboth
base
benefits
which
humanity
both benefits
and humanity
pushes the
and
boundaries
pushes the
of boundaries
space exploration
of space
in exploration
a manner that
in apromotes
manner that
further
promotes
future
further
exploration.
futureIn
exploration.
order to Ineventually
order to eventually
enable Deep
enableSpace
deep space
missions
missions
to establish
to establish
humans
humansas
as an
interplanetary species, a strong political, social, economical, technological, and scientific foundation is
required that will withstand the test of time. Therefore, the Purpose section establishes “why” we should
return to the Moon, the “Roadmap” section establishes “what” is required in order to make a Moon base
a reality and “when” these phases may occur, and the Lunar Sustainability Goals establish “how” lunar
missions should be
be conducted,
conducted and
in order
“who”tothey
create
should
a sustainable
be conducted
human
by inpresence
order to create
on another
a sustainable
celestial
body.
human presence on another celestial body.
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1.1

Vision

The Sustainable Moon vision is to outline how future space programs need to incorporate sustainability
as part of the criteria for considering exploration missions a success.
Since our topic is centred on the development of the Moon, it is natural to compare our composed
Rationales,
Since our topic
Roadmap,
is centred
and on
Goals
the development
to the rationales
of the
and
Moon,
activities
it is natural
of the Apollo
to compare
program.
our composed
Given our
definition
Rationales,ofRoadmap,
sustainability
andand
Goals
the rationales
and activities
of theGoals
Apollo
program.
Given our
the to
formation
of our Lunar
Sustainability
which
are modelled
on
definition
of sustainability
this definition,
it becomes and
apparent
if we analyse
Apollo
program through
the perspective
of our
the formation
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Lastly, this report is intended for a diverse, international audience. It is not tailored for specific space
agencies, private enterprises, or organizations.

1.4

Aims and Objectives

The project aims are as follows:
1. To analyse and communicate the varying rationales for returning to the Moon and developing a
permanent presence.
2. To set out a roadmap consisting of a multiphasic approach to the development of a lunar
settlement.
3. To develop a framework containing the sustainability considerations that should be followed
when embarking on future lunar missions.
To achieve these project aims, the following objectives were defined:
1. Establish a comprehensive set of rationales for the development of a lunar base by considering
benefits for Earth.
2. Review current lunar base plans and develop a consolidated, generic, five phase concept for
lunar settlement evolution.
3. Evaluate said concept to identify technical, legal, economic, and social gaps that hinder
sustainable development of the Moon.
4. Generate recommendations to ensure the sustainable development of the Moon, in the form of
Lunar Sustainability Goals.

1.5

Approach

Throughout the course of the project, Sustainable Moon used the individual expertise of the authors to
research subject areas related to rationales for lunar missions, existing roadmaps for lunar missions,
and goals for lunar missions. Throughout this research, it was discovered that (1) many lunar mission
plans call for In Situ Resource Utilization (ISRU)
(IRSU) without considering the extent to which they may be
altering the lunar landscape or polluting the lunar environment, and (2) many currently planned lunar
missions fall short of detailing the rationales for going to, altering, and possibly polluting the Moon. To
address these gaps, the expertise of a range of external professionals within the ISU community were
consulted for critical input regarding lunar development (see Acknowledgements). Through this
consulting, the inspiration for Lunar Sustainability Goals was developed. Work towards framing these
goals was then broken down into phases and iterative feedback from our internal and external advisors
was received throughout the process.
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Numerous space actors have announced their intentions for returning to the Moon and settling on the
lunar surface for a variety of economic, technological, scientific, and cultural reasons. Despite the
widespread interest in lunar habitation, all currently available roadmaps lack a consolidated rationale for
why the average person should be invested in humans returning to the Moon.
President Kennedy famously said “We choose to go to the Moon [...] not because it is easy, but because
it is hard” when attempting to gather public support for the Apollo program in 1962. He appealed to
everyday Americans’ sense of national pride, which was heightened during the Space Race with the
Soviet Union. However, despite this overriding sense of competition, the American populace expressed
concern about the opportunity cost of going to the Moon amid more pressing Earthly problems
(Chaikin, 2007). After several decades, the dwindling lack of public and governmental support for space
culminated in the
the cancellation
initiation of the
of the
cancellation
Space Shuttle
of the
program
Space Shuttle
in 2011program
(Forbes, in
2017).
2004 after the Columbia
disaster (Forbes, 2017).
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necessary
to follow,
in order
we shall
to first
garner
examine
widespread
the diverse
publicrationales
and political
that
support.
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technology,
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science,
diverse
culture,
rationales
security,
that
exist
and policy,
for returning
as shown
to the
in Figure
Moon2.1.
through six key lenses: economics, technology, science, culture, security,
and policy, as shown in Figure 2.1.

Figure 2.1. Purpose section Categories
Figure 2.1. Purpose section layout
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6

2.1

Economic Rationale

In the last decades, the increasing use of Low Earth Orbit (LEO) has brought huge benefits to the whole
space economy. Indeed, as of 2018, the combined size of the global space economy was estimated to
be $345 billion USD (US Federal Aviation Administration, 2018). The Moon and cislunar space offer
great potential to further boost the space economy beyond LEO in the future. The lunar surface offers
valuable resources such as trapped water ice, and other valuable elements. Moreover, cost and
performance efficiency gains can be realized through the formation of a new lunar services economy
(Hall and
andMiller,
Miller,2016).
2016). Peter Diamandis, founder and executive chairman of the X Prize Foundation,
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Table 2.1. Prospective cislunar market verticals (Entrena Utrilla, 2017)

Vertical

Description

Activities

Potential companies

1. Water mining

Extraction of water
from asteroids or the
Moon

Propellant production,
consumables,
radiation shielding

ispace, DSI, Planetary
Resources, Moon
Express, TransAstra

2. Metal mining

Extraction of structural
metals and
semiconductors from
asteroids or the Moon

Manufacturing of
structures,
components, solar
panels

DSI, Planetary
Resources, TransAstra

3. On-orbit
manufacturing

Manufacturing of
structures,
components, and solar
panels; on-orbit
assembly

Satellite
manufacturing, spare
parts, retrofit and
repair services

Made in Space, DSI

4. In-space
transportation

Tug services,
propellant depots

Spacecraft delivery to
operational orbit,
refueling station

ULA, Altius Space
Machines, Shackleton
Energy

5. Cislunar stations

Stations in key orbits in
Way station, orbital
cislunar space (LEO,
tourism, repair station
EML1/2, HEO)
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Bigelow Aerospace,
Axiom Space

Crewed and cargo
Lunar landers

Surface payload
delivery, crew sorties,
lunar base support,
lunar exports

7. Lunar base

Central hub in Lunar
surface.

Infrastructure
deployment and
Bigelow Aerospace
construction, surface
activities support, lunar
tourism

8. Advanced orbital
services

Services to satellites,
stations, and other
spacecraft.

On-orbit refueling,
repair, and retrofit,
station-keeping, debris
management

Skycorp, Vivisat,
Effective Space
Solutions, Space
Logistics

9. Satellite services

Data-based satellite
services.

Data relays, navigation
and positioning, space
internet

Kepler
Communications

10. Off-Earth science

Off-Earth research
activities and
instrumentation.

Planetary science
probes, prospecting
instruments,
astronomy, biology
research

DSI, Planetary
Resources

11. Beamed power

Beamed power from
an orbiting platform.

Beamed power to
lunar surface, to
spacecraft

Solaren

6. Lunar landers

2.1.1

ispace, Moon Express,
Astrobotic, ULA

Economic Rationale for Going

2.1.1.1 Lunar Resources Extraction and Utilization
According to a study performed by PricewaterhouseCoopers (PwC) and the Luxembourg Space Agency
(PwC, 2018), SRU (Space Resources Utilization) has the potential to bring humankind many
socio-economic benefits. For instance, the space resources utilization industry is:
The
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to 135
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(PwC,
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full time
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2018] over the
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1.8
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time
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2018-2045
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period,
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savings
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full timegains
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Efficiency
are estimated
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atfor
in
54the
to
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135
B€
of (present
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value
for
2018)”
the end-users
(PwC, 2018).
(i.e.,space
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in the form of cost
savings
the
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(i.e.,
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of
resourcare
“[…] estimated
to 135 B€
[presentrevenue
value 2018]”
(PwC,
2018).
expected at
to 54
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of 73
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B€ (Present Value 2018) over the
es) are estimated
at
54
tosupporting
135 aB€market
(present
(PwC,
2018).
“[…]
expected
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a total
of value
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full time
revenue
of 732018)”
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170 million
B€ [present
valueemployees-years.
2018] over the
Efficiency gains
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form of cost
savings
the end-users
customers
space resources)
2018-2045
period,
supporting
a total
of for
845,000
to 1.8 (i.e.,
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are estimated
atin54the
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Efficiency
gains
of (present
cost savings
the end-users
(i.e., customers of space resources)
Lunar resource utilization is important for sustainable and affordable robotic and human lunar missions
because it has the potential to reduce mass, cost, and risk for missions. Indeed, different raw resources,
such as water ice, rare Earth elements, and structural metals are available on the Moon and could be
utilized for energy production and transportation (Kutter and Sowers, 2016).
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The lunar resources extraction and utilization could actually foster the growth of new space-related
market, drastically increasing the value of the space economy, and thereby furthering the economic
growth of space faring nations. This Earth-centric economic benefit is one of the reasons why
humankind should return to the Moon, and is elaborated upon in Section 2.1.1.3.
Water and Metal Resources
Although liquid and vapor water cannot be sustained on the lunar surface, recent scientific studies
confirm the presence of a significant amount of water ice on the Moon (6.6 billion tons of water
estimated according to Williams (2012)). The extraction of water from the lunar poles could be used for
producing propellant and for supplying the water needed by a human settlement on the Moon.
Spacefaring nations and private companies involved in lunar missions would also be able to purchase
water directly on the Moon, overcoming the expensive transportation of this essential resource from
Earth, and making lunar missions more routine and crucially more profitable (Kornuta, 2018; Spudis,
2016). Therefore, a space-based market for water could emerge, given the high economic value of this
resource in space, in which water becomes the lunar gold standard and the main medium of exchange
(Allison, 2017).
Besides water, the lunar soil is rich in metals in the form of oxides. The majority of the oxides in the
lunar regolith are
are silicon,
silicon, aluminum,
aluminum,calcium,
calcium,iron,
iron,magnesium,
magnesium,and
and
titanium.
titanium.
Metal
Metals
production
production
fromfrom
the
lunar
the lunar
soil soil
is interconnected
is interconnected
to to
oxygen
oxygenproduction,
production,which
whichisisnecessary
necessaryto
to sustain
sustain human
human life
life on the
Moon, since the latter must be extracted from minerals separating the oxide molecules. The in situ
metals production could be one of the sources of raw material to build spacecraft and launcher
structures, along with other facilities and tools (Larson, 2012). These resources serve as an enabler for
the potential market verticals described in the introduction to this section, and the lunar-based services
market described below in Section 2.1.1.2.
Electrical and Nuclear Power
Generating electrical power in space for transmission back to Earth is a potentially rewarding space
economic activity (Asgardia.space,
(Asgardia.space, 2018).
2018). AA concrete
concrete example
example of
of this
this idea
idea is
is Lunar-based
lunar-based Solar Power
(LSP), aa concept
conceptdeveloped
developedbybyDr.Dr.
David
David
Criswell
Criswell
in the
in early
the early
1970s
1970s
and currently
and is currently
still in vogue,
still favorable,
involving
involving
solar array
solar
bases
array
thatbases
couldthat
be installed
could beon
installed
the lunar
onsurface
the lunar
to surface
power not
to only
power
a small
not only
lunar
a small
settlement
lunar
settlement
but to support
but the
to support
entire Earth.
the entire Earth.
The idea consists of 10 initial collecting bases at the edges of the lunar nearside, equipped with
microwave reflectors that from Earth would appear to overlap. Therefore, the power transfer from the
Moon and the Earth would be based on small and cheap satellites in Earth orbits receiving the
microwave beams and redirecting them to the Earth-based receiving antennas, which would convert the
microwave radiation into electrical power.
The
This market
would create
for electrical
a new economic
power could
market
create
ona the
newMoon,
economic
the market
marketfor
onelectrical
the Moon,,
power,
which
which
couldcould
turn
even
out economically
turn out economically
favorablefavorable
over Earth-based
over Earth-based
solar solar
power,
power,
if supported
if supported
by bya alarge-scale
large-scale power
production on the
the Moon.
Moon. Besides
Besides the
theeconomic
economicbenefits,
benefits,asuch
power
a power
generation/transfer
generation/transfer
systemsystem
would
would
alleviate
alleviate
the scarcity
the scarcity
of resources
of resources
and the
and
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damages
due to
due
fossil
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and
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which
which
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for Earth
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in terms
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power
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and
and
sustainable
sustainable
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LSP had
has been
its critics
contentious
in the past.
in theIndeed,
past. As
as reported by John Mankins, President of Mankins Space
Technology Inc., “A power station on the Moon would deliver roughly 200 gigawatts to a single location
on Earth. There are no markets that need that amount of power in a single large chunk” (Dorminey,
2017).
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Power generators on the Moon and Moon-Earth power transfer systems could be based also on a
different source: nuclear energy. Indeed, many studies have assessed the feasibility of mining the rare
isotope 3 He to power fusion reactors on the Moon and at the same time high quantities of the
radioactive element thorium have been identified in different region of the lunar surface (Redd, 2011).
Although it is a potentially lucrative source of energy on the Moon, it has always been contested for
different reasons, namely because nuclear fusion has not been technologically developed sufficiently to
be used as a power source. Additionally, the amount of mining required to extract enough radioactive
material for the nuclear fusion could potentially destroy the Moon surface (Spudis, 2016).
2.1.1.2 Lunar Services
Private companies are striving to access space to be the pioneers of innovative space services, such as
space tourism and in-orbit manufacturing. This has been defined by many as “New Space”, where the
space market is open to private actors (Hay, et al., 2009).
New Space, along with the commercialization of space resources, enhanced by Public-Private
Partnerships (PPPs),
(PPPs), capital
capitalinvestments,
investments,and
andnew
newbusiness
business
models,
models,
represents
represents
thethe
future
future
of the
of space
economy. This section describes the major new space services that could be created on the Moon and
the economic rationale behind them.
Lunar Propellant Production and Refueling Service
As already mentioned in Section 2.1.1.1, the water extracted on the Moon could be used as drinkable
water, but also for rocket propellant production and oxygen for life support systems through the
separation of the water molecule into hydrogen and oxygen molecules.
It can create a new fuel production and transportation service, which seems to be the best near-term
opportunity for
for the
the new
newspace
spaceentrepreneurs
entrepreneursinterested
interestedinininvesting
investinginin
lunar
lunar
services.
services.
This
This
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is due
to the
to
expectations
good expectations
about about
demand
demand
and availability
and availability
of water
ofon
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the Moon.
on the For
Moon.
instance,
For instance,
United Launch
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Launch
(ULA)
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has
(ULA)
already
hasoffered
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pay $3,500
to payUSD/kg
$3,500for
USD/kg
liquid for
hydrogen/liquid
liquid hydrogen/liquid
oxygen fuel
oxygen
in LEOfuel
andin$500
LEO
USD/kg
and $500
onUSD/kg
the Moon’s
on the
surface.
Moon’s surface.
Table 2.2. Cost of LO2/LH2 propellant transported from Earth or the Moon in different locations (Kornuta, 2018)

From Earth (USD/kg)

From Moon (USD/kg)

Earth Surface

1

--

LEO

4,000

3,000

GTO

8,000

1,500

GEO

16,000

1,500

EML1

12,000

1,000

Lunar Surface

36,000

500

As shown in Table 2.2, the cost of propellant (in this case liquid hydrogen/liquid oxygen fuel) is driven
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by
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the cost
byofthe
transportation
cost of transportation
of that propellant
of that to
propellant
a given location.
to a given
According
location.to
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the
costcurrent
of propellant
cost of on
propellant
Earth isononly
Earth
$1isUSD/kg,
dramatically
would dramatically
increase
increase
the costthe
up cost
to $36,000
up to USD/kg.
$36,000 On
USD/kg.
the other
On hand,
the other
propellant
hand, produced
propellantdirectly
produced
on
directly
the lunaronsurface
the lunar
willsurface
be the cheapest
will be cheaper
on theon
Moon
the Moon
($500 ($500
USD/kg),
USD/kg),
while transporting
while transporting
it towards
it to Earth
would increase the cost again (Kornuta, 2018).

10

“If

Fuel production on the lunar surface would also foster the growth of a service economy on the Moon
for refueling
refueling spacecraft.
spacecraft. Dr. James Vedda, senior policy analyst in the Center for Space Policy and
Fuel
production
on the lunar
surface would
also as
foster
the growth of a service economy on the Moon
Strategy
at The Aerospace
Corporation,
is quoted
saying:
for refueling
James
seniorinpolicy
in the
Center
fornot
Space
and
“If wespacecraft.
are serious Dr.
about
livingVedda,
and working
space analyst
for the long
haul,
we are
goingPolicy
to discard
we
are serious
about
living
and
working
in
space
for
the
long
haul,
Strategy
at
The
Aerospace
Corporation,
is
quoted
as
saying:
ourwehardware
every
timeliving
it breaks
down orin runs
(Vedda,
2018)
- Dr.
James
“If
are serious
about
and working
spaceout
forof
thepropellant”
long haul, we
are not
going
to discard
Vedda,
senior
policy
in down
the
Policy
and
Strategy
at
hardware
every
time
it breaks
or runsforoutSpace
ofevery
propellant”
(Vedda,
2018).
weour
are
not
going
toanalyst
discard
ourCenter
hardware
time

The Aerospace
“If
we
are
serious
about
living
and
working
in
space
for
the
long
haul,
we
are
not
going
to discard
discard
Corporation.
“If we are serious about living and working in space for the long haul, we are not going to
it
breaks
down
or
runs
out
of
propellant”
our
hardware
every
time
it
breaks
down
or
runs
out
of
propellant”
(Vedda,
2018).
“If we
are serious
anddown
working
in space
the long haul,
we 2018).
are not going to discard
our
hardware
everyabout
time itliving
breaks
or runs
out offor
propellant”
(Vedda,
“If
we
are
serious
about
living
and
working
in
space
for
the
long
haul,
we
not
going to
to discard
discard
our
hardware
every
time
it
breaks
down
or
runs
out
of
propellant”
(Vedda,
2018).
“If
we
are
serious
about
living
and
working
in
space
for
the
long
haul,
we
are
- Dr. James Vedda, senior policy analyst in the Center for Space Policy and Strategyare
atnot
thegoing
our
hardware
every
time
it
breaks
down
or
runs
out
of
propellant”
(Vedda,
2018).
“If
we
are
serious
about
living
and
working
in
space
for
the
long
haul,
we
are
not
going
to
discard
our hardware every time it breaks down or runs out of propellant” (Vedda, 2018).
Aerospace
Corporation
“If we
are serious
and
working
in space
the long haul,
we are
not going to discard
our
hardware
everyabout
time itliving
breaks
down
or runs
out offor
propellant”
(Vedda,
2018).
hardware
every
time itwould
breaks
down
or runs outthe
of propellant”
(Vedda, 2018).
Indeed, aour
lunar
refueling
service
help
to overcome
mission limitations
related to the amount
Indeed,
a lunar
service
would
relatedmaneuvers.
to the amount
of
fuel that
can refueling
be currently
carried,
andhelp
thattoisovercome
necessarythe
for mission
orbit andlimitations
attitude control
For
Indeed,
a crewed
lunar
service
would
related
to the
amount
of
fuel that
can refueling
be
currently
carried,
andhelp
thattoisovercome
necessary
formission
orbitrefueling
andlimitations
attitude
control
maneuvers.
For
instance,
lunar
missions
would
benefit
from
lunarthe
surface
for lander
reuse,
instead
of
of
fuel
that
can
be
currently
carried,
and
that
is
necessary
for
orbit
and
attitude
control
maneuvers.
For
instance,
crewed
lunar
missions
would
benefit
from
lunar
surface
refueling
for
lander
reuse,
instead
of
transporting new systems from Earth for every landing.
instance,
crewed
lunar
missions
would
benefit
from
lunar
surface
refueling
for
lander
reuse,
instead
of
transporting new systems from Earth for every landing.
transporting
new systems from Earth for every landing.
Lunar
Transportation
Lunar
Transportation
Today, lunar transportation services already exist. For instance, XEUS is able to deliver 70 metric tons of
Lunar
Transportation
Today,hydrogen/liquid
lunar transportation
services
already
exist. For
XEUS
is abletransportation
to deliver 70 metric
tonsthe
of
liquid
oxygen
propellant
produced
oninstance,
the Moon
for future
between
Today,
lunar transportation
services
already
exist.1 For
is ablecost
to deliver
metric
tonsthe
of
liquid surface
hydrogen/liquid
oxygen
propellant
produced
oninstance,
the Moon
for future
transportation
between
lunar
and Earth-Moon
Lagrangian
point
(EML-1).
TheXEUS
estimated
is only70
one
thousandth
liquid
hydrogen/liquid
oxygen
propellant
produced
on
the
Moon
for
future
transportation
between
the
lunar
and Earth-Moon
Lagrangian
point 1 2018;
(EML-1).
TheLaunch
estimated
cost 2017).
is only one thousandth
of
the surface
cost of delivery
from Earth
(Asgardia.space,
United
Alliance,
lunar
and Earth-Moon
Lagrangian
point 1 2018;
(EML-1).
TheLaunch
estimated
cost is
only one thousandth
of
thesurface
cost of delivery
from Earth
(Asgardia.space,
United
Alliance,
2017).
of
the
cost
of
delivery
from
Earth
(Asgardia.space,
2018;
United
Launch
Alliance,
2017).
Currently nine American companies are eligible to bid to deliver science and technology payloads for

Currently
nine American
companies
are eligible
to bid
to deliver
science
andinvolves
technology
payloads
for
NASA
through
Commercial
Lunar Payload
Services
(CLPS)
contracts,
which
providing
launch
Currently
nine
American
companies
are
eligible
to
bid
to
deliver
science
and
technology
payloads
for
NASA
through
Commercial
Lunar
Payload
Services
(CLPS)
contracts,
which
involves
providing
launch
from Earth and landing on the lunar surface, besides payload integration and operations. Warner and
NASA
through
Commercial
Lunar
(CLPS) contracts,
involves providing launch
from Earth
landing on the
lunarPayload
surface,Services
besides payload
integrationwhich
and operations.
Knotts
stateand
that:
from Earth and landing on the lunar surface, besides payload integration and operations. Warner and
Knotts state
“The that:
Commercial Lunar Payload Services contracts are indefinite delivery, indefinite quantity

contracts with a combined maximum contract value of $2.6 billion [USD] during the next 10 years
“The
Commercial
Lunar
Payload
Services
contracts
are indefinite
indefinite
“The
Commercial
Payload
Services
contracts
indefinite
delivery,
[…]
Lunar
payloads
could fly
onLunar
these
contracted
missions
as early
asdelivery,
2019”are
(Warner
andquantity
Knotts,
contracts
with
a
combined
maximum
contract
value
of
$2.6
billion
[USD]
during
the
next
10
years
2018).
indefinite
quantity
contracts
with amissions
combined
maximum
contract
value of $2.6
[…] Lunar
payloads
could Payload
fly on
these
contracted
as early
asdelivery,
2019” (Warner
andquantity
Knotts,
“The
Commercial
Lunar
Services
contracts are indefinite
indefinite
2018). billion
contracts
with a[USD]
combined
maximum
contract
of $2.6
[USD]
during thecould
next 10fly
years
during
the next
10value
years
[…]billion
Lunar
payloads
on these
“The
Commercial
Lunar
Payload
Services
contracts
are
indefinite
delivery,
indefinite
quantity
[…] Lunar payloads could fly on these contracted missions as early as 2019” (Warner and Knotts,
contracted missions as early as 2019”
contracts with a combined maximum contract value of $2.6 billion [USD] during the next 10 years
2018).
[…]
Lunar
payloadsLunar
could Payload
fly on these
contracted
missions
as early
asdelivery,
2019” (Warner
andquantity
Knotts,
(Warner
andare
Knotts,
2018).
“The
Commercial
Services
contracts
indefinite
indefinite
2018).
contracts with a combined maximum contract value of $2.6 billion [USD] during the next 10 years
“The
Commercial
Lunar fly
Payload
Services
contracts
areas
indefinite
delivery,
indefinite
quantity
[…]
Lunar
payloads could
on these
contracted
missions
early as 2019”
(Warner
and Knotts,
contracts with a combined maximum contract value of $2.6 billion [USD] during the next 10 years
[…] Lunar
couldthe
fly on
theseofcontracted
missions
as early
2019” (Warnerservice
and Knotts,
This is just
a firstpayloads
step towards
growth
a much more
complex
lunaras
transportation
where
both private and
public
agents
will
be
involved.
and public agents will be involved. Indeed, National Aeronautics and Space Administration
This is just
a first
towards
thefuture
growth
of a muchformore
lunar
transportation
service where
(NASA)
expects
to step
be one
of many
customers
this complex
commercial
transportation
service.
both
private and
public agents
involved.rocket
Indeed,
National is
Aeronautics
and Spacefor
Administration
Furthermore,
achieving
robust will
and be
sustained
reusability
a major imperative
the future of
(NASA)
expects
to
be
one
of
many
future
customers
for
this
commercial
transportation
service.
the
lunar
transportation
economy.
Following
the
breakthroughs
achieved
recently
by
SpaceX
in this
Furthermore, achieving robust and sustained rocket reusability is a major imperative for the future
of
area,lunar
which
significantly reduced
cost of spaceflight,
a reusable
vehiclerecently
with thebyability
to provide
the
transportation
economy.the
Following
the breakthroughs
achieved
SpaceX
in this
Furthermore,
achieving robust
andthe
sustained
rocket
reusability
is lunar
a major
imperative
for
theto
future
of
frequent
transportation
of
resources
and
to and
from
the
surface
open
access
to
area,
which
significantly
reduced
cost people
of spaceflight,
a reusable
vehicle
withwould
the ability
provide
the
lunar
transportation
economy.
Following
the
breakthroughs
achieved
recently
by
SpaceX
in
this
Moontransportation
for new spaceof
actors.
frequent
resources and people to and from the lunar surface would open access to
area,
which
reduced the cost of spaceflight, a reusable vehicle with the ability to provide
the
Moon
forsignificantly
new space actors.
frequent transportation of resources and people to and from the lunar surface would open access to
the Moon for new space actors.

11
11

Lunar Tourism
According to LP Information (LPI), by 2023 the Space Tourism sector will register a 17.3% Compound
Annual Growth Rate (CAGR) in terms of revenues, reaching the peak of $1.27 billion USD (LPI, 2018).
The lunar touristic missions will likely bring part of those revenues to the space tourism market. A 1-2
week round trip could be practically and operationally convenient for travel companies, without
exposing lunar tourists to the long-term risks of the lunar environment. Lunar tourism may also bring
economic benefit to Earth, through an emerging lunar travel service industry (Collins, 2003; Van Pelt,
2005).
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In order to increase the demand for the space tourism market (in particular lunar tourism), cost and
safety are fundamental drivers to achieve a more economically viable service. Spaceflight is still
expensive, but the New Space private agents are contributing to reduce the costs, by developing new
reusable, low cost vehicle prototypes (e.g. Virgin Galactic, Blue Origin, SpaceX). At the same time, the
risks of spaceflight are still relatively high and the number of people who have been to space is
relatively low. It could take time for spacecraft to become suitable for tourism, in the same way that it
took time for airplanes to evolve for tourism (Van Pelt, 2005; Toivonen, 2017).
2.1.1.3 Other Socio-Economic Benefits
Economic Growth and Employment Multiplier
The space industry has an economic impact on both economic growth and creation of employment.
Space activities are very profitable investments: “every €1 [EUR] invested in space returns an average €6
[EUR] to the wider economy” (ESA, 2012). Furthermore, space activities can foster the creation of
high-qualified jobs in the space sector itself, but also in other related industries. An example is given by
Sadlier (2015), which analyzes the UK space industry, which was characterized by a Gross Value Added
ratio of 2.2 and an employment multiplier ratio of 3.1 in 2014, meaning that for every job in the UK
space industry, more than three new jobs are created.
Spin-Offs
Several terrestrial application spin-offs will transfer knowledge and technology from space to many
different technical domains, such as material science, manufacturing, additive manufacturing, robotics,
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and data analytics. PwC states that: “It is forecasted that these spillover benefits will be in the order of
2.5 B€ over 50 years (present value 2018)” (PwC, 2018).
Network and knowledge spillovers will also have a very strong impact on the growth of new industrial
partnerships, facilitating the exchange of personnel between different public and private agents, as well
as between developed space nations and developing space nations through employee training (PwC,
2018).
Spin-Ins
The space sector is also a client for existing products and services. The money that would be spent in
order to accomplish human settlement on the Moon is still spent within the markets here on Earth.
Therefore, the products and services that would contribute to this effort would stimulate economic
activity. As the number of humans in space or on the Moon increases, the amount of Earth products
and services that will apply to the space sector will increase.
The global market size for digital transformation has a growth rate of over 18.5% CAGR and is expected
to surpass $462 billion USD by 2024 (Bay, 2018). The size of the entire space industry is expected to
value $558 billion
billion USD
USD by
by2026,
2026,at
ataaCAGR
CAGRof
of5.6%:
5.6%: this means that the vast amount of innovation in
cyber-physical systems will come from Earth-based applications, due to the much higher investment in
the development of this technology (Smith, 2018). Section 2
3 (Roadmap) outlines the various
applications of robotic systems in space throughout the five phases of lunar settlement. Therefore, the
spin-ins of robotic systems from Earth-based contexts will enable the future phases of the Roadmap as
well as stimulate the economy on Earth.
2.1.2

Economic Arguments Against Going and Responses

2.1.2.1 Cost Efficiency
Returning to the Moon is not the most cost efficient investment that governments or private agents
could make in space. Nevertheless, the payoff is sufficient to justify this endeavor.
The costs of establishing a lunar base are much higher than any other future Lunar exploration
missions. This is highlighted by (Sadlier, 2015), which performs a cost estimation of a future
international lunar exploration endeavors, as shown in Table 2.3, with an estimation error of ±30%.
Table 2.3. Cost estimates of an international lunar exploration endeavor (2015 prices) (Sadlier, 2015)

Activity

Cost Estimation (USD)

First footsteps back on the Moon (single
provider)

$4.6 B

Lunar base producing 200 MT/yr propellant

$38 B

Private passenger trip to the Moon

$0.8 B

However, the potential cultural, social, and scientific benefits of establishing a lunar base as opposed to
just walking on the Moon again or sending a private passenger are incomparable. While the
aforementioned missions are little more than political or touristic stunts, a lunar base would stimulate
the economy, promote scientific endeavors, and lead to the benefits mentioned in the sections above
and below within this section.
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2.1.2.2 Opportunity Cost
When investing in a new project, it is critical to consider the best option foregone, also known as the
opportunity cost.
The more recent opportunity cost of the Lunar Orbital Platform Gateway (LOPG) could be equivalent to
up to twenty different interplanetary missions, according to Wang (2018). Therefore, if forced to decide
between building a platform in lunar orbit, or an outpost on the lunar surface, the latter option is the one
to choose due to the large amount of natural resources offered by the Moon, and the new markets and
lunar space services that could grow and benefit the whole space economy (Wang, 2018). Another
concern is that if there is significant investment in the LOPG, the project may detract resources (capital,
human, time) from establishing a lunar base and disrupt the timeline presented below in Section 3
(Roadmap). However, the LOPG could also be seen as a complementary mission to future crewed
missions to the lunar surface.
It is also important to consider how investing in a lunar base may redirect resources away from
pressing problems on Earth. However, as described in Section 2.1.1.3 above, and in Section 2.2.1.2
(spin-offs) below, investing in space directly translates into benefits for people on Earth. Eventually,
investing capital in activities that could help solve our planet’s issues has always been considered as a
valid opportunity cost for lunar exploration missions and any other space activity.
2.1.3

Economic Rationale Summary

In order for governments, private agencies, and non-governmental organizations to work towards
returning to the Moon, the economic case has to be sound. While spaceflight requires large upfront
investments, the money generated through jobs and industry development throughout all phases of
lunar settlement, and lunar resources and services once human presence is established on the Moon
make that investment worthwhile. The rationales in this section are summarized below in Table 2.4.
Table 2.4. Summary of Economic Rationale

Rationale for Going
Growth of markets based on
lunar resources utilization:
● Water based economy
● Lunar launchers
● Lunar market for
electrical power
Growth of lunar services
● Refueling
● Transportation
● Tourism
● Materials and
manufacturing
Economic Growth and
Employment

Arguments Against Going
Cost Efficiency:
● The possible payouts
of a lunar mission do
not justify the upfront
costs.

Opportunity cost:
● Alternative projects on
Earth or elsewhere in
space might be a better
investment.
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Responses
The cost efficiency of going to
the Moon is much higher today
than it was before, and the
economic benefits outweigh
the cost. In order to reach
international goals for space, a
lunar settlement is the most
cost effective option.
Investing in space missions is a
way to bring added value to
Earth, which was highlighted in
Section 2.1.1 The economic
case is sound, and the
opportunity to use space
related spinoffs to benefit
humanity is detailed below in
Section 2.2.1.3

2.2

Technological Rationale

One of the most prominent reasons for establishing a human settlement on the Moon is the
development of advanced technology. The lunar environment is extremely harsh relative to any
environment settled by humans here on Earth. Therefore, in order to establish a lunar settlement,
humanity must expand its capabilities by developing new technology that allows adaptation to, or
management of, the conditions of this new environment. Closed-loop life support systems, advanced
robotics, temperature control, In Situ Resource Utilization (ISRU), hypo-gravity effect mediation, and
radiation protection are just some of the areas that must undergo technological development and
advancement in order to sustain human life on the Moon.
All of these technological developments will have direct applications for further development or
expansion of a lunar settlement, as well as having direct applications for the future settlement of other
celestial bodies, such as Mars. Furthermore, advanced space technology has a very high “spin-off”
potential, meaning that there is a high likelihood that these technologies could be applied in other fields
on Earth completely unrelated to human space exploration, or even marketed independently as their
own products.
2.2.1

Technological Rationale for Going

2.2.1.1 Direct Technology Transfer
The Moon is often looked at as a stepping stone for humans to explore further into deep space. For
example, in the last few decades, there has been an increased interest, both public and professional, in
sending humans to Mars (Oskin, 2012). However, many people believe that going to the Moon is a
necessary step for humans to take in order to more efficiently reach Mars (Wall, 2018a). The proximity
of the Moon allows for its use as a proof of concept for deep space human habitation. Humanity can
experiment on the Moon and develop the necessary life support systems and other technology required
for settlement on and for a lunar settlement, before sending humans on a multiple year mission to
settle on Mars. Much of the technology developed to allow humans to live on the Moon will transfer
directly to allowing humans to live on Mars, or even beyond to other planets or asteroids. Settling on the
Moon is the first step in developing the technology required to expand the influence of humanity outside
of the Earth-Moon neighborhood of the solar system.
Lunar Environment Enabled Technology
The lunar environment provides new conditions that could allow for specialized technology
development. For example, the hypogravity conditions could lead to more precision in the creation of
mixed substances, creating metal alloys, and growing crystals, all of which could have wide
applications (NASA, 2015a). These products could be used on the Moon as lunar products, or sent back
to Earth for specialized use. Furthermore, the Moon could provide a new location for the distribution of
technological services. If launching technology can be developed on the surface of the Moon, such as
launch pads and rockets, this could lead to much cheaper space transportation and missions relative to
Earth and potentially, a new paradigm of human space exploration with the Moon at the center.
2.2.1.3 Spin-off Technology
Spin-off applications of space technology are the largest, most impactful reasons to encourage space
program development of advanced technology. The world is filled with and shaped by products and
technology that were developed as a direct consequence of research conducted for space missions
(JPL, 2019). For example, the Apollo Missions, which were the only space missions to land humans on
the Moon, were directly responsible for technology advancements in areas ranging from athletic shoes
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and fitness equipment, to kidney dialysis machines, to flame resistant clothing that keeps firefighters
and soldiers safe (NASA, 2015b).
This pattern has been shown to continue in spite of the technological revolution of the 1980s and
1990s, and continues today. NASA has a publication entitled, “Spinoff,” as part of their Technology
Transfer Program in which they showcase approximately 50 technologies annually, for a total of almost
2,000 that have applications outside of the space field (NASA, 2015c). Additionally, ESA has reported
400 external companies that were created due to internal technology development between 2003 and
2016 (ESA, 2016). Table 2.5 below details the information published in the NASA “Spinoff” online
database. This includes the number of spin-offs that have been featured and the different areas of
application that their space-based spin-off technology has been observed.
Table 2.5. Information compiled from NASA’s “Spinoff” online database (NASA, 2017a)

Number of Spin-offs
1976-2019
1976-2017

Example Spin-off

Health and
Medicine

269

MicroMed DeBakey VAD heart pump. Provides
critical patient life support while awaiting a donor
heart. Enabled by computer program visualizing fluid
flow through rocket engine (NASA, 2009a).

Transportation

173

Radar software for a turbulence warning system that
allows commercial flights to prepare for or avoid
turbulence (NASA, 2009b).

Public Safety

222

NASA developed biosensors that have been
incorporated in screening food and water for
potentially hazardous compounds (NASA, 2009c).

Consumer Goods

295

Memory foam, which was originally designed to
increase the comfort of space suits and spacecraft
seats (NASA, 2009d).

Energy and
Environment

348

Lithium battery technology contributed to the
development of fully electric vehicles (NASA, 2009e).

Information
Technology

264

Artificial intelligence developments for complex
scheduling and identifying errors in code during
software development (NASA, 2009f).

Industrial
Productivity

409

Open-lattice composite structure 12 times stronger
than steel, cost less and is fully recyclable (NASA,
2009g).

Spin-off Category

2.2.2

Technological Arguments Against Going and Responses

As the technological justifications for a lunar settlement endeavor are explored, it is equally important to
recognize the possible reasons to not go to the Moon, within a technological context. There are two
clear reasons that arise.
2.2.2.1 Opportunity Cost for Technology
As mentioned in Section 2.1.2.2, there is an opportunity cost of focusing on space, but this can be
further explored, specifically in regards to technology. Spending resources developing space technology
distracts time, money, and human capital from developing technology to solve issues here on Earth. For
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Table 2.6. Summary of Technological Rationale

Rationale for Going

Arguments Against Going

Responses

Direct Technology Transfer
●
Enable Deep Space
missions
●
Lunar Enabled
Technologies

Technological Opportunity Cost
●
Distracts human
capital from other
pressing issues

There are other places that
have less societal impact than
space from which to
redistribute funding.

Spin-off Technology
●
Health and Medicine
●
Transportation
●
Public Safety
●
Consumer Goods
●
Energy and
Environment
●
Information
Technology
●
Industrial Productivity

Use of space technology for
potentially violent/destructive
purposes

Any development can be
misused, so the answer is not
to refuse to innovate but to
properly regulate.

2.3

Scientific Rationale

This section will build on Section 2.2 by discussing the scientific gains to be made through lunar
missions and the development of a lunar settlement. While there is vast amounts of crossover between
technology and science, there is a greater focus on the acquisition of knowledge in this section. The
reasons that a lunar settlement may be undesirable are focused on the scientific barriers to building
habitats on the Moon, and the responses to the critiques highlight the opportunities that scientific
missions on the Moon provide, despite the difficulties of the lunar environment.
2.3.1

Scientific Rationale for Going

2.3.1.1 Scientific discoveries
Lunar Geology
Little is known about the inner structure of the Moon, the remnants of its magma oceans, or its craters.
A lunar base would allow for an in depth study of lunar features, which remain untarnished by external
factors that could prevent scientists from discerning the formation history on Earth, such as the wind,
rain, tides, and tectonic movement. Examining lunar features could be the key to understanding how our
solar system and planet Earth formed. For example, understanding the craters on the Moon helps to
accurately determine the Moon’s age, as well as the cosmological events that were happening at each
stage of its life, in terms of prevalence of impact events (Jaumann, et al., 2012).
Development of lunar-based astronomy
The lunar environment has many specific attributes that make it attractive for astronomy: the
near-vacuum, thin atmosphere, orbital stability, two-week long nights, and abundant surface area create
an ideal environment for conducting astronomical studies (Burns, 1995). It is possible to use unique
thermal conditions of the lunar south pole and the radio silent lunar far side to conduct astronomy
research that would otherwise be difficult with Earth’s radio interference, specifically infrared and radio
astronomy.
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Figure 2.2. Chang’e mission lunar surface micro ecosphere (Shen, 2018)
Figure 2.2. Chang’e mission lunar surface micro ecosphere (Shen, 2018)
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2.3.1.2 Benefits of Further and Future Space Exploration
The Moon as a training ground for future missions
Missions to Mars, or other places in our solar system are difficult and dangerous. Therefore, it is
important to give the astronauts the best training possible before sending them into deep space
(Whatculture, 2016). Currently, astronaut training on Earth is undertaken using the best approximations
of deep space conditions, but it is still hard to duplicate the exact off-earth environment (Whatculture,
2016). Compared with such places as the Mojave Desert, the Moon would be a more suitable analog for
a Martian environment because of the similarity of the hypogravity environment and necessity of
protection from the external environment. Training the astronauts in the lunar environment before going
further into space would increase the probability of success (Whatculture, 2016).
The Moon as a stopping point
A lunar base would make the Moon a useful intermediate stop on the way to anywhere else in space.
The Moon’s smaller size, lower mass and resulting lower gravity, bring the escape velocity down to 2.38
km/s meaning less fuel is needed for launch (Whatculture, 2016; NASA, 2017b). Space agencies or
commercial companies can store fuel on a Moon base in advance or derive the material from the lunar
surface, which facilitates easier access to deep space. In addition, supplies could also be stored on the
Moon in advance for longer missions.
2.3.2

Scientific Arguments Against Going and Responses

2.3.2.1 Lunar environment is not suitable for human survival
The Moon lacks an atmosphere that can support human survival, there is no evidence of liquid water
being present, and the excess radiation exposure due to the lack of a lunar magnetosphere is harmful
to human health. Last but not least, the broad lunar temperature difference can be hundreds of degrees
Celsius, which is a great challenge to both humans and spacecrafts (Seybold, 1995).
However, considering the lack of nearby options in the solar system, the Moon actually represents a
fairly benign place to settle compared to the extreme heat of Venus or the distance of Mars.
Establishing a lunar base would allow humanity to devise ways to survive in less than ideal places on
Earth, elsewhere in the solar system. Closed-Loop Life Support System (CLLSS) techniques are
becoming more and more de there is evidence that abundant polar ice exists on the Moon, which may
be a solution to water supply, and techniques such as 3D printing, in-orbit manufacturing, and in situ
resource utilization (ISRU) will enable means to build a settlement on the Moon that will protect humans
from the lunar environment (Noreen, 2007).
2.3.2.2 Lunar dust is dangerous for exploration
Apollo 11 astronauts were surprised at the very strong electrostatic adhesive forces of lunar dust
(Sharp, 2017). This resulted in diverse problems, such as scientific instruments destroyed by
overheating, opaque dust clouds which made lunar capsule descent maneuvers dangerous, threadbare
spacesuits, and dust-related health hazards. However, this is not an insurmountable challenge.
When the Apollo astronauts went to the Moon, they had no idea what to expect regarding the
dust on the surface.
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Now that the properties of lunar dust are better understood, new technologies can be designed to equip
the next generation of settlers, spacesuits, and lunar equipment for the dusty environment (Sharp,
2017). Additionally, scientific exploration using robotics is a good alternative to human Moon landing
for the first stages of lunar settlement, especially considering the harshness of the lunar environment
mentioned here and in Section 2.3.2.1 above. In the past robots were mainly used for scientific
research, but in future missions they will perform a broad spectrum of tasks, varying from assembly,
maintenance and construction, to surface mining of celestial bodies.
As an alternative, interfaces between robots and human could be a middle ground. Distributed robotic
collaboration and coordination interaction technologies should limit the demand for crew time during
missions, and improve safety and efficiency, which directly corresponds to Goal 8: Health and Safety in
the Lunar Sustainability Goals. More discussed of the transition between robotic missions and human
settlement can be found below in the Roadmap Section.
2.3.2.3 Scientific opportunity cost
There are two major arguments surrounding the scientific opportunity cost of a lunar mission. First,
searching for life is one of the main areas of current scientific research, however, the Moon is not a
compelling place to search for life, which undermines the focus on using the Moon for exploration that
could be done where life may exist (e.g., Mars). Second, it is incredibly difficult to derive conclusive
results from lunar surface studies due to the difficulty of testing in the environment. There is plenty to
discover on Earth, so the focus should be on studying Earth’s understudied regions, like the oceans.
To address the scientific opportunity cost, which asks, “why not go to Mars instead of the Moon,” there
are significant discoveries to be made on the Moon, including the formation history of the Moon and the
cosmological events that occurred during the early years of the solar system. Additionally, going to the
Moon is a necessary step for humans to take in order to reach Mars more efficiently, and to make the
most of scientific studies on the Martian surface upon arrival. For example, the studies done on the
Moon will help to better understand the Martian environment, especially with regard to the sample
collection and return protocols. Moreover, the lunar scientific experiments may help attract interest
from the public and decision makers, which will be necessary for obtaining funding for future missions
to Mars. The proximity of the Moon allows for its use as a proof of concept for deep space human
habitation, and settling the Moon is the first step in developing the technology required to expand the
influence of humanity outside of the Earth-Moon neighborhood of the solar system (Whatculture, 2016).
To address the scientific opportunity cost, which asks, “why explore the oceans here on Earth instead of
going to the Moon”, in principle, Moon exploration neither contradicts with ocean exploration, nor any
other kind of exploration on Earth’s surface. However, there are difficulties and risks inherent in
exploration. Due to the unknowns associated with exploration, it is impossible to exactly predict the
potential value of the yielded science. Therefore, both sides should be taken into account, if possible,
rather than subjectively assuming which is more valuable and more worth exploring. Additionally, the
technologies developed for exploration in harsh environments like the lunar surface may aid future
exploration in hard to reach places on Earth, as described in Section 2.2.1.3 above.
2.3.3

Scientific Rationale Summary

The Moon is a compelling science case, as discovering more about lunar geology and geophysics will
allow us to understand the events that shaped the formation of our solar system. The Moon also
constitutes a prime location from which to conduct scientific research in astronomy, hypogravity
medicine, biology, and other fields. While the lunar environment itself poses exploration challenges, the
development of new technologies and techniques to combat the harsh lunar environment will prepare
space actors for the next steps of deep space exploration. The rationales discussed above are
summarized below in Table 2.7.
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Table 2.7. Summary of Scientific Rationale

Rationale for Going
Scientific Discoveries
● Geology
● Astronomy
● Medicine/Biology

Using the Moon as a stepping
stone for deep space
exploration

2.4

Arguments Against Going

Responses

Lunar environment is hostile to
humans

Establishment of a lunar base
will significantly reduce risk to
human visitors.

Lunar dust poses huge
exploration challenges

Use hardened robots to
complete the majority of
exploratory missions, and
develop technology that can
withstand the challenges of
lunar dust.

Scientific opportunity cost:
●
Lunar experiments
have low conclusivity.
●
Multitudes of other
relevant missions on
Earth.

Scientific opportunity:
●
In order to graduate to
deep space missions,
an intermediate step is
needed.
●
In principle there is no
reason that scientific
exploration should be
restricted to one major
mission.

Cultural Rationale

Cultural rationales for going to the Moon are often weaved into the speeches of leaders like President
Kennedy or Jan Woerner, but are very rarely addressed directly. Appeals to the sense of “exploration,”
“international cooperation,” or “achieving the impossible” are all inherently cultural. Yet, they are often
the most motivating factors for the general public in regard to space exploration, as opposed to the
more concrete economic, technological, or scientific rationales. This section will assess the cultural
reasons for returning to the Moon, and, as with previous sections, also discuss the cultural reasons to
stay on Earth.
2.4.1

Cultural Rationale for Going

2.4.1.1 Promotion of a culture of exploration
When humans first stepped foot on the Moon, a generation of aspiring scientists were inspired to take
humanity further into the depths of the unknown than ever before. There was a significant boom in
technology education, and people who were greatly motivated by accomplishments of the Space Race
(Chaikin, 2007). The subsequent generation was left bereft by the cancellation of Apollo and are thus
referred to as the “Orphans of Apollo.” However, returning to the Moon and establishing a continuing
lunar program could inspire current and future generations to develop new technologies and promote
science as a meaningful and impactful field in which to study and work.
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Beyond the scientific impact, the Apollo legacy supports
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anything being possible.

Returning to the Moon would once again place humanity beyond the bonds of Earth, which has the
capacity to inspire young people in all fields to accomplish feats that previously seemed infeasible.
2.4.1.2 Production of new art forms to entertain/inspire on Earth
Space travel has already inspired multitudes of artwork that interpret the human relationship with
space, such as visual and performance art, music, films, documentaries, and science fiction literature.
Art consortia such as “We Colonized the Moon” and “Kosmica”, as well as the “Artist at ESA” programs
not only provide work and exposure to artists, but provide forums where space is discussed with a
different range of stakeholders (ESA, 2019a).
Projects undertaken by these consortia communicate space science effectively, while also
promoting art as a serious and evolving field worth supporting.
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Projects undertaken by these consortia communicate space science effectively, while also
promoting art as a serious and evolving field worth supporting.
Returning to the Moon would bring lunar activities to the front of public consciousness, and would likely
result in reinterpretations of lunar settlement in many different forms that could inspire further
exploration into space by engaging the public.
2.4.1.3 Creation of new environmental ethics of sustainability
The Overview Effect is the feeling of belonging and appreciation for the Earth described by almost all
astronauts upon seeing the Earth from above (Yaden, et al., 2016). The ability to view Earth as a single
entity, which is relevant both for the lunar settlers but also the people who will be reached on Earth
through science education and outreach, exposes the fragility of our world and inspires intense feelings
of protectionism (Yaden, et al., 2016). For example, photos such as Carl Sagan’s “Pale Blue Dot” have
significantly helped movements that seek to promote peace and sustainable management of the Earth.
As discussed in Section 2.4.1.2, art comes in many forms, and all of these forms have the potential to
communicate the experience of the Overview Effect for people on Earth.
Building on the points above, the prioritization of preservation on the Moon may inspire the populace to
be more careful with Earth, especially when considering the difficulties of living in an unprotected and
hostile environment compared to the idyllic landscape of Earth. Given that climate change is one of the
biggest threats of our time (Ehrlich and Ehrlich, 2013), inspiring climate change action would have
significant impacts for all humankind.
2.4.1.4 Opportunity to reinterpret religious systems due to the expansion of common experience
Space and religion have been intertwined since prehistory. As humanity has taken to the skies and outer
space, major world religions such as Christianity, Judaism, and Islam have worked to ensure that their
doctrine is compatible with the evolving technological landscape (Waltemathe, 2018). For example, the
reinterpretation of “sunrise” and “sunset” for Jewish astronauts looking to observe the Sabbath on the
ISS (where sunrise happens every 90 minutes) and the establishment of a Jewish institute to handle
such matters of religion and spaceflight indicates the willingness of major religions to adapt to the
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current era (Waltemathe, 2018). The broadening of interpretations of scripture may allow for significant
strides to be made with regard to adapting religion to suit other aspects of the modern age.
2.4.2

Cultural Arguments Against Going and Responses

2.4.2.1 The Moon could be claimed as an outpost of only a few nations
Only five nations have made it to the Moon so far and only one nation (the US) has sent humans. If only
these nations were to predominantly settle the Moon, they would be claiming it, despite the Outer Space
Treaty’s (OST) stipulation that the Moon is the common heritage of all humankind.
To overcome this, policies must be in place to ensure that nations who have low access, but express
interest and commitment to contributing to the Moon base, are included as partners and stakeholders
in order to keep the Moon from being controlled by a limited number of states. This issue is addressed
in Section 4, Goal 1: Open Access. The work that is allocated to developing space nations during
international partnerships must also consist of “noble work” as much as possible, to share the various
other benefits of going to the Moon which have been described in the previous sections.
2.4.2.2 The Moon could become a primarily capitalistic venture
Currently, space tourists pay exorbitant amounts of money for the privilege of going to space. While this
is somewhat necessary, considering the cost discriminatory nature of space travel, if one also
considers the worldwide patterns of wealth, it becomes extremely unlikely that humanity will be equally
represented by all nationalities. This once again calls into question the principle of the Moon as the
common heritage of humankind.
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For example, the US has sent a wide range of people from different cultural backgrounds to space due
to their qualifications as scientists and abilities to fulfill the duties of an astronaut. While space tourism
is already dominated by capitalist ideals, the Moon can be settled with the direct intention of bringing a
diverse range of people there in addition to government astronauts. Initiatives to bring this idea to
fruition are already in place, such as “Dear Moon” by Yusaku Maezawa, which is a planned mission to
bring artists to the Moon (Cascone, 2018).
2.4.2.3 Construction/destruction on/of the Moon could disrupt the view from Earth
While construction/destruction is unlikely to be on a large enough scale to be seen with the naked eye, it
is very likely that a large lunar base, especially the those envisioned by lunar actors which is composed
of the structures shown in Section 3.2.1.1, would be visible through a simple telescope or binoculars.
This has cultural implications for all of humanity, as each person has a personal relationship with the
Moon. The Moon also has religious significance, which calls into question the right of space actors to
settle upon and possibly compromise a religious site. Finally, there are sites of cultural significance on
the Moon, such as the Apollo landers. A lunar settlement may lead to disruption of these sites.
While the Moon will remain significant to all humankind, there can be agreements in place to prevent
the disruption of the view of the Moon from Earth from happening. Using the example of the Thirty
Meter Telescope on Maunakea, building the telescope below the profile of the mountain, as to not
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disrupt how the mountain looks from the indigenous people’s territory, is a great example of scientific
and cultural compromise (TMT, 2019). Similar compromises can be made for the Moon, such as
disguising the settlement as natural lunar features, building mostly in lava tubes, or putting the bulk of
resource utilization activity on the lunar far side. Sites of cultural significance can also be protected
through adopting regulations similar to that of the United Nations Educational, Scientific, and Cultural
Organization (UNESCO) on Earth. This issue is further explored by Goal 7: Heritage Protection in Section
4.
2.4.2.4 The distance from Earth for a lunar settlement could provide inhabitants with a lack of
accountability
Using the example of the Stanford prison study by Zimbardo, et al. (1971), humans are likely to exploit
any situation in which they are given the opportunity to wield authority over others. While the abuse of
power is a significant risk when there are more settlers in the later phases (see Section 3.5), early
visitors are likely to have a predefined hierarchy and leadership model, such as the commander
structure on the ISS. Ensuring a predefined model for the transfer of settler management and
governance before the settlement grows is critical to the success of an established base, as seen by
the historical issues with passing over nations to unprepared/unsteady local governance structures
(Jones and Finney, 1985).
2.4.3

Cultural Rationale Summary

The Moon is well represented throughout human culture and literature, and every person on Earth has a
personal relationship with the Moon. Returning to the Moon could inspire future generations to be
involved with exploration, to reinterpret our relationship with the Moon through various art forms, and
create new ways of interacting with Earth. While establishing human presence on the Moon may lead to
a transplantation of Earth politics and inequalities, mitigation measures can be put in place to ensure
that the Moon remains the “common heritage of all [hu]mankind,” free from the biases that exist on
Earth. The rationales discussed above are summarized in Table 2.8, below.
Table 2.8. Summary of Cultural Rationale

Rationale for Going

Arguments Against Going

Responses

Promotion of a scientific culture
of exploration.

The Moon could be claimed as
an outpost of only a few
nations.

There must be policies in place
that ensure the interested
parties are included as partners
and stakeholders.

Creation of new environmental
ethic of sustainability.

The Moon could become a
primarily capitalistic venture.

As long as the Moon remains a
place for scientific exploration,
there will be some degree of
meritocracy in terms of who
gets to go.

Production of new art forms
and interpretations that could
entertain/inspire on Earth.

Construction/destruction on/of
the Moon could disrupt the view
of the untouched lunar
landscape from Earth, or
negatively impact cultural sites
such as the Apollo landers.

There can be agreements in
place to prevent the disruption
of the view of the Moon from
Earth from happening, as well
as site protection for cultural
artifacts.

Opportunity to reinterpret
political and religious systems.

Lack of accountability in
inhabitants leading to abuse of
power, dictatorship, etc.

Early visitors are likely to have a
predefined hierarchy and
leadership model.
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2.5

Security Rationale

Space exploration has its roots in the political conflict and security concerns of the late 20th century
between the United States (US) and the Union of Soviet Socialist Republics (USSR). The current space
landscape still has remnants of military competition, as exemplified by US President Donald Trump
announcing the creation of a Space Force as the 6th branch of the American armed forces. This Space
Force is aimed at enforcing the rule of law in space but will also provide the US with a strategic
advantage in space (Burke, 2018).
While space is undoubtedly a place to wield diplomatic soft power and protect assets and
territory, the rationales presented here are meant to benefit all humankind, and reflect the general
While space
is undoubtedly
to wield diplomatic soft power
sentiment
of space beingaforplace
all.
While assets
space is and
undoubtedly
a place
wield diplomatic
soft power
and protect
territory,
the to
rationales
presented
hereand protect assets and
territory, the rationales presented here are meant to benefit all humankind, and reflect the general
are meant tosentiment
benefitofall
humankind,
space
being for all.and reflect the general sentiment of
While space is undoubtedly a place to wield diplomatic soft power and protect assets and
territory, the rationales presented here are meant to benefit all humankind, and reflect the general
sentiment of space being for all.

space being for all.

That being said, it is critically important to draw a distinction between security in space and the
militarization of space. While all navigation, communication, and Earth observation satellites can be
repurposed for the military, they serve an important role in security. However, the militarization of space
would ultimately be a step in the wrong direction given the current status of international treaties and
the peaceful and open use of the Moon which is promoted in this report (see Goal 1: Open Access and
Goal 2: Peaceful Purposes). Returning to the Moon could provide nations with various excuses to
establish military power in outer space, as will be discussed below. Current space treaties and
international agreements actively attempt to ensure that outer space remains non-aggressive
(UNOOSA, 1967a) or for the most part non-military, while not forbidding the use of military personnel,
facilities and instruments if needed (UNOOSA, 1979). In that vein, this section highlights security
rationales that benefit society as a whole, as opposed to rationales that benefit the security concerns of
individual countries.
2.5.1

Security Rationale for Going

2.5.1.1 International cooperation between States to build and operate the lunar base could improve
Earth relations and security
The ISS is frequently considered to be an example of political triumph in terms of international
cooperation (DLR, 2018). Successes such as the ISS encourage nations to work together, and set a
precedent for globalized projects and policies. The lunar base would similarly require large scale
collaborative efforts, which sets a positive precedent for political cooperation on Earth.
Given the boom in the space sector mentioned in Section 2.1.1, it is likely that nations will use the
cheaper and more easily accessible space technologies generated to improve their capabilities with
regard to Earth observation, navigation, and communication satellites to better serve and protect their
populace. This improvement in security will have direct benefits in the cases of border control, natural
disaster monitoring, and the protection of assets.
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2.5.1.2 A lunar base would be a better place from which to defend Earth from debris
Kinetic weapons strong enough to not only destroy an Earth-bound asteroid but also its debris can be
deployed from a lunar base (Jain, 2013). It is likely that the lunar base itself would have the capability to
monitor threats, and it would be ideal to manage extraterrestrial threats to Earth from a distance at
which it is unlikely that the debris caused by the destruction of the meteor or asteroid would cause
significant damage to Earth.
2.5.1.3 A lunar settlement would provide the ultimate austere environment for training various first
response teams
Disasters on Earth happen frequently, and nations across the world are left unable to rescue their
citizens due to technological and skill deficiency (UNHCR, 2018). This applies especially to earthquakes
and hurricanes, both of which have large scale impact and render the site of the disaster remote and
inaccessible, just like space.

Extreme

Extreme weather events are happening more frequently due to climate change, so the
development of advanced rescue methods and maneuvering techniques for hostile environments
weather events are happening more frequently due to climate change,
is imperative.
so
the development
methods
Extreme
weather events of
areadvanced
happening rescue
more frequently
due to climate change, so the
development
of
advanced
rescue
methods
and
maneuvering
techniques
and maneuvering techniques for hostile environments for hostile environments
is imperative.
is imperative.
Extreme weather events
are happening more frequently due to climate change, so the
development of advanced rescue methods and maneuvering techniques for hostile environments
The development of a lunar base may lead to better technology that is relevant for operating in the
harsh environments often caused by disaster, and may lead to the development of rescue or
maneuvering techniques that are relevant on Earth.
2.5.2

Security Arguments Against Going and Responses

2.5.2.1 The militarization of space would potentially lead to a space arms race
Space represents a strong strategic position for military purposes, and the race to occupy this position
may cause an arms race similar to the ones that preceded World War I. This could drastically change
the tone of space from one of cooperation to one of competition. While there are current commercial
and security concerns that already impede cooperation, such as the NASA ban on working with the
Republic of China stated in Public Law 112-55, SEC.539 (US Government, 2011), more bans are likely to
develop if spaceflight is dominated by military concerns.
However, if a culture of cooperation is promoted, all nations may feel a natural obligation to support the
expansions onto the Moon. As the norm becomes defined by being in space, the necessity to pursue
space is more likely to result in international cooperation even in the most intense political rivalries,
such as the Apollo-Soyuz program (Loff, 2015).
2.5.2.2 The ideal of every nation having open access to space may be compromised if nations begin to
militarize space
The assignment of property rights to individual nations and space actors, both in terms of territory and
natural resources, poses a significant problem for current space policy, as discussed below in Section
2.6.2.1. Hence, if states choose to protect their claimed territory using military means, access to the
lunar surface for other nations will be restricted. Much like conflict over territory on Earth, stronger
military States will be capable of appropriating large areas and driving smaller States and actors out.

27

The OST currently prohibits this kind of behavior, but may be insufficient to ensure the compliance of all
states.
While this is a major concern, the reality of multiple nations working in one environment means that
annexation is a risk. Just as on Earth, there must be sufficient policy in place to ensure that nations are
encouraged to work together, and that no single nation can claim ownership over a large percentage of
the Moon, as discussed in Section 2.6.3.
2.5.2.3 Lunar assets could be easily targeted maliciously, and it would be very difficult to assign liability
Assets in outer space are already hard to monitor, and while malicious actions such as jamming
telecommunications satellites happen frequently, assigning responsibility for aggressive actions to any
one State is notoriously difficult due to the remoteness of the asset (Plattard, 2015). There is concern
that this effect would only be amplified on the lunar surface.
However, it is very likely that lunar assets could serve as lunar surveillance as well, as there would be
lunar orbiters monitoring the surface, and surface bases monitoring satellites. Therefore, while the
assigning responsibility for attacks would still pose a significant problem on the Moon, the problem
would be analogous to the problems with monitoring space assets surrounding Earth. This implies that
the advancements currently being made to protect satellites in Earth orbit could easily be applied to the
lunar context.
2.5.3

Security Rationale Summary

While space and military interests have been intertwined since the Space Race between the US and
USSR, current military involvement in space focuses more on the protection of assets and territory
rather than overt demonstrations of military power. Returning to the Moon would offer security benefits
to Earth as a whole, as the Moon would provide the ideal location from which to survey the activities in
Earth orbit, protect Earth from external threats, and to collaborate internationally to develop methods of
dealing with the harsh environments caused by natural disasters and other Earth centric threats to
humanity. The emphasis should be on ensuring security for humanity as a whole, instead of
nationalistic security pursuits in order to create a sustainable lunar base which is not subject to fleeting
political rivalries. The rationales discussed above are summarized below in Table 2.9.
Table 2.9. Summary of Security Rationale

Rationale for Going

Arguments Against Going

International cooperation
between States to build and
operate the lunar base could
improve Earth relations and
security.

The militarization of space may
cause space arms races.

It is necessary to establish a
culture of cooperation.

A lunar base would be a
better place from which to
defend Earth from debris, via
kinetic weapons.

The concept of every nation
having equal access to space
may be revoked if nations begin
to militarize space.

Putting a robust legal framework
in place is necessary in order to
keep any single nation from
appropriating too much territory.

A lunar settlement would
provide the ultimate austere
environment for training
various first response teams.

Lunar resources and assets
could be easily targeted
maliciously, and it would be very
difficult to assign liability.

This is a problem for
Earth-orbiting objects as well, and
with proper infrastructure the
problem would not be more
pronounced in a lunar context.
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Responses

2.6

Political and Legal Rationale

There are many possible benefits to creating new laws and policies to govern the settlement of the
Moon. Given that the Moon has special status as the “common heritage of all [hu]mankind,” (UNOOSA,
1979), settlement on its surface would not be bound by any legal precedent, unlike resource utilization
in Antarctica or drilling for oil on the high seas. The building of a habitat, telescope, or mining the Moon
by a nation is of concern, whether or not these activities prevent other States from accessing the Moon
This section will follow a similar structure to Section 2.1-2.5 above. However, instead of individually
responding to the reasons not to go, the response to the political and legal critiques of returning to the
Moon will be consolidated into one section, Section 2.6.3, as the response to the critiques in this section
are consolidated into two key recommendations: (1) to update existing policy, and (2) to establish a
body responsible for monitoring the compliance of space actors to policies regarding the Moon.
2.6.1

Political and Legal Rationale for Going

2.6.1.1 Policy Spin-Offs
Similar to spin-offs in technology, the legal framework created for developing the Moon in a sustainable
manner could be applied to Earth, both in terms of governing places that are considered nationless, like
Antarctica, and in terms of adapting responsible resource utilization frameworks. The Earth has
suffered from unsustainable development and numerous conflicts over natural resources, so the
development of a legal framework for the Moon may set the necessary precedent for restructuring the
existing laws regarding resource utilization on Earth.
2.6.1.2 Development of teamwork models for the Moon could be applied directly on Earth
The ISS has five major partners, all of which send astronauts with different societal, workplace, and
personal cultures. These astronauts work together to conduct ground breaking research, despite
occasional intercultural conflict stemming from different cultural approaches to leadership,
followership, and group living (Burke and Feitosa, 2015). The partnership models that have been
implemented on the ISS, as well as confined space simulations such as the Hawaii Space Exploration
Analog and Simulation (HI-SEAS), ensure the highest output efficiency of the international teams. This
could be applied to international co-operations and projects on Earth, especially those occurring within
the space sector (Johnson and Suedfeld, 2019).
2.6.2

Political and Legal Arguments Against Going

2.6.2.1 The legality of resource utilization is unclear
The law governing beyond the Earth's atmosphere is composed of a Magna Carta of five treaties
including the 1967 Outer Space Treaty and the 1979 Moon Agreement. Although none of them explicitly
addresses the exploitation of resources, the Moon Agreement was supposed to be a step forward in
addressing this issue. However, it is perceived by many as a failure and was only ratified by only 18
countries, not including any of the space faring nations. The main debate questions whether the
phrasing “use of outer space” in Article I of the OST allows for the exploitation of resources (Tronchetti,
2009).
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and
Soucek,
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2011).
ensure states and private actors legitimacy in the exploitation of the resources (Brünner and
Soucek, 2011).
For (3), agreements should be reached regarding planetary protection, which show the will of nations to
For (3), agreements
should
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planetary
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will of
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protect
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protect
theWhile
environment
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the use
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aid in planetary
protection,
resources.
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of matter
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certainly
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degree
of the
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on the
may technology
encourage will
industry
to innovate
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some
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of consensus on the matter may encourage industry to innovate in order to meet
international
international standards.
For (4), it would be beneficial to incorporate articles that establish equity between developed and
For
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re-enforce
the resolution
51/122
of theequity
UN General
Assembly
(United
developing
countries
in ordertoto this
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the interests
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andparticular
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such ofinternational
developing
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countries and
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withwith
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incipient
with more
spaceadvanced
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space capabilities.”
stemming from such international
cooperation conducted with countries with more advanced space capabilities.”
Finally, States should be invited to take steps to regulate their national space activities and the activities
Finally,
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their national
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and the
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of their States
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States,
account
international
obligations,
that private
ventures
are
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partner States,
into account their international obligations, so that private ventures are
held
responsible
for theirtaking
activities.
held responsible for their activities.
2.6.3.2 Create a governing body to enforce regulations concerning lunar settlement
2.6.3.2
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Therefore,
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through
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and fair
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Moon more
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less subject
an external
to theobserver
relative political
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entire process
states. of managing the Moon more objective, and less subject to the relative political power of
various states.
This is not a new idea. In 1999 at the UN Conference for Peaceful Use of Space, it was proposed to
create
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2.6.4 Political and Legal Rationale Summary
2.6.4
Political
and Legal
The creation
of policy
is notRationale
a reason Summary
to go to the Moon in itself. However, in order to support the other
The creation
of policy
is not
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to go
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in order
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other
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robust
policy
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somewhat
unclear
regulations
regarding
resource
extraction
and settlement
theare
Moon
thatbyare
a
of sustainability
and
cooperation.
It is also
necessary
to mitigate
the riskson
that
posed
the
reality of existing
policy.regarding
The Lunar
Sustainability
Goals
in Section
4 offerthat
a broad
somewhat
unclear space
regulations
resource
extraction
anddetailed
settlement
on the Moon
are a
pathway
developing
sustainable
lunarSustainability
base through
softdetailed
policy recommendations,
the
reality
of to
existing
space apolicy.
The Lunar
Goals
in Section 4 offer and
a broad
rationales
anddeveloping
responses a
discussed
in Sections
2.6.1-2.6.3
are summarized
below in Table 2.10.and the
pathway to
sustainable
lunar base
through
soft policy recommendations,
rationales and responses discussed in Sections 2.6.1-2.6.3 are summarized below in Table 2.10.
Table 2.10. Summary of Policy Rationale

Rationale for Going
Rationale for Going
Creation of new policy
can
be adapted
be
Creation
of new to
policy
applied
to Earth to be
can be adapted
situations:
applied
to Earth
●
Sustainability
situations:
regulations
●
Sustainability
●
Use
of the
regulations
Antarctic
●
Use
of the
Antarctic

2.7
2.7

Table 2.10. Summary
of Policy Rationale
Arguments
Against Going
Responses
Arguments Against Going
Responses
Update the Existing Space Policy
The legality of resource utilization is
regarding:
unclear
Update the Existing Space Policy
The
legality of resource utilization is
● The utilization of lunar
regarding:
unclear
The Moon’s status as “Common
● resources
The utilization of lunar
Heritage
of all
[hu]mankind”
is not
● The
establishment of property
resources
The
Moon’s
status
as “Common
universally
upon
● rights
The establishment of property
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ofagreed
all [hu]mankind”
is not
● Cooperation
between states
rights
universally agreed upon
The steps that need to be taken in
●
protection
● Planetary
Cooperation
between states
ordersteps
to ensure
compliance
within
● Planetary protection
The
that need
to be taken
current
are unreasonable
Create a governing body to enforce
order
tolaw
ensure
compliance with
regulations
concerning
Create a governing
bodylunar
to enforce
current law are unreasonable
Access to space is discriminatory
settlement concerning lunar
regulations
Access to space is discriminatory
settlement
There is a lack of political will of
cooperation
There is a lack of political will of
cooperation
There is insufficient legal framework
to ensure
the protection
the lunar
There
is insufficient
legalofframework
environment
to ensure the protection of the lunar
environment

Purpose Conclusion
Purpose Conclusion

The sections above have presented a thorough and diverse set of rationales for going to the Moon, and
have
offered above
responses
commona thorough
critiques of
missions.
At the heart
of thetomatter,
what
is
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have to
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for going
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and
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is
how
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are
beneficial
for
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Earth.
It
will
be
a
long
time
before
there
have offered responses to common critiques of lunar missions. At the heart of the matter, what is
substantialishuman
presence
on are
the beneficial
Moon, which
will beon
discussed
in the
of this
important
how lunar
missions
for people
Earth. It will
be aRoadmap
long time section
before there
is
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but there
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from
sectors
of society
lunar missions
from
the
substantial
human
on theinvestment
Moon, which
willallbe
discussed
in theinRoadmap
section
of this
very beginning.
it is critically
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that
spaceofmissions
helping
Earth-bound
report,
but there Therefore,
will be substantial
investment
from all
sectors
society inare
lunar
missions
from the
humanity
reach its
goals.
very beginning.
Therefore,
it is critically important that space missions are helping Earth-bound
humanity reach its goals.
It is similarly important to establish a sustainable Moon presence to ensure that the benefits outlined
above
continue
to benefit
Earth. In Section
Lunar Sustainability
Goals
which could
help
It is similarly
important
tohumanity
establish on
a sustainable
Moon 4,
presence
to ensure that
the benefits
outlined
space
actors
incorporate
sustainability
into
their
missions
are
outlined,
and
in
the
following
section,
the
above continue to benefit humanity on Earth. In Section 4, Lunar Sustainability Goals which could help
roadmap
by which
a lunarsustainability
base could be
sustainably
established
in support
ofthe
thefollowing
above rationales
space actors
incorporate
into
their missions
are outlined,
and in
section, will
the
be
explored.
roadmap
by which a lunar base could be sustainably established in support of the above rationales will
be explored.
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Having outlined and articulated the rationales for returning to the Moon and establishing a permanent
presence there, the following section consolidates several plans to make these rationales a reality.
Numerous commercial companies, national space agencies, and private organizations have
independently developed lunar exploration roadmaps for returning to the Moon. While these roadmaps
have different underlying rationales, aligning with the various reasons discussed in the previous part of
the report, every roadmap shares a basic phased approach moving from (1) robotic investigation, to (2)
establishment of infrastructure and habitats, to (3) habitat development, to (4) long-term missions and
permanent human habitation, and to (5) establishment of a developed settlement and lunar society. A
consolidated summary of the general phases is shown in Figure 3.1 and further described afterwards.

Figure 3.1. General phase approach to lunar evolution

The various lunar exploration actors, their approaches, and what they entail are presented in Table 3.1,
below. These actors provide a variety of different approaches and estimated timelines to achieve the
task. For instance, all entities outlined in Table 3.1, except SpaceX and Blue Origin, include aspects of
prospecting lunar resources before further development on the surface. Others such as ispace, NASA,
and the National Space Society have bypassed steps addressing autonomous infrastructure setup, and
begin Habitat Development after confirmation of resources.
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Table 3.1. Companies, space agencies, and organizations with lunar evolution roadmaps
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✓
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Preparation
Development
✓
✓
✓
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✓
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✓
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✓
✓

✓
✓
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✓
✓

✓
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✓
✓
✓
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✓
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✓
✓
✓
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✓
✓
✓
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In most of the roadmaps assessed, an initial “Robotic Surveillance” phase plans to understand the lunar
environment,
Roscosmos establish resource
✓ abundance,
✓ and determine
✓ potential habitat sites over a five year
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Table 3.2. Summary of key elements and goals of each Phase
Table 3.2. Summary of key elements
and goals of each Phase
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Phase
Phase
Phase 1
Phase 1
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Phase 2

Phase 3
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Focus
Focus
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for usable
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landing
surface forand
usable
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resources and landing
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●
●
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Key Elements
Primary Inhabitants
Primary Inhabitants
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and
other
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and other robots.
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●
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● Remote
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Remote

●
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and habitat preparation.
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● and
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Phase 5
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● Humans and robots.
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duration surface
missions.
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Short duration surface
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Phase 4

●
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Transition
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●

Outcome
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for
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● Finalized
for
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including
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when
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concerning
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Phase
RoboticSurveillance
Surveillance
3.1 Phase
1: 1:
Robotic

PHASE 1
PRESENT

The first
robotic missions
are sent to the
Moon.

ROBOTIC SURVEILLANCE

5 YEARS
Uncrewed spacecraft
investigate the Moon
and acquire data.

2025

Settlement location
will be selected.
Preliminary quantification
and classification
of resources complere.

The Robotic Surveillance phase acts as a precursor to all future exploration missions and settlement
attempts on the Moon. Its fundamental purpose is to prospect lunar resources and identify potential
outpost sites for long term habitats to develop. More specifically, data associated with lunar
topography, surface environment, geodetic control, quantity of useful volatiles, and previously unknown
characteristics will be collected. Acquiring this vital knowledge ensures more productive and safer
human missions during later phases (NASA, 2013). Data will be obtained by surveying the lunar
landscape via remote sensing techniques and characterizing the surface with probes and rovers.
The majority of roadmaps mentioned in the previous section allude to early precursor missions to polar
sites to confirm the presence of water. This phase is technically already underway. This is shown by the
completion of the Chandrayaan-1 mission focusing on lunar surface characterization from the Indian
Space Agency, and the ongoing Chang’e missions from the Chinese Space Agency (CNSA), which
address exploration of the far side of the Moon and future sample return missions. Other anticipated
missions and their specific focus will be discussed later in Section 3.1.1.6. For Phase 1 to be considered
a success, initial identification of in situ resources, along with their location and estimated quantity
must be established in order to identify potential habitat sites. Furthermore, consideration of scientific
potential and operational conditions heavily influences the selection of lunar sites.
The remaining sections within this phase present the operational requirements that are essential for the
prospecting stage to be successful and more specifically, what aspects need to be addressed in terms
of infrastructure and governance. It is noted here that the majority of the operational requirements of
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O P E R AT I O N A L
DETAILS

PURPOSE: To better understand the lunar environment in
Operational Details preparation for long-duration missions.
In-orbit Moon observation/remote sensing.
● PURPOSE: To better
understand
the via
lunar
environment
in preparation
for long-duration
Surface
exploration
controlled
soft-landing,
impactors,
and
missions
rovers.
● In-orbit Moon observation/remote sensing.
Identification
ofsoft-landing,
potential habitat
sites.and rovers
● Surface exploration
via controlled
impactors,
● Identification of Establish
potential habitat
sites
a zone
of safety around lunar activity so as not to
● Establish a zoneaffect
of safety
around
lunar
other activities.activity so as not to affect other activities

this phase are specific to each mission and method of lunar data extraction. An overview of these
operational requirements is provided in Table 3.3, below.
Table 3.3. Overview of operational requirements for Phase 1

PHASE 1
INFRASTRUCTURE

GOVERNANCE ASPECTS
• Global governance and international
partnerships required for coordinating Lunar
exploration activities.

Architecture
• Identification of potential habitat sites with
consideration of local terrain, energy
availability, and communication aspects.

• Establishment of safety zones/operational
boundaries for each party required to ensure
individual missions success.

Power and Distribution
• Use of photovoltaic (PV) solar array based
on mission requirements.
• Potential use of RTGs, if proper waste
disposal is present.
Communication/Navigation
• Direct communication link from
orbiter/rover to earth ground station.
• Potential need to implement relay satellite
for communication access in remote
regions (far side of Moon, craters, etc.).
• Implementing ground based Lunar
navigation for on surface missions.
Transportation
• Implementing the Commercial Lunar
Payload Services (CLPS) program to deliver
prospecting missions.
In Situ Resources
• Characterization of lunar regolith, polar
volatiles, and lunar substructure via mass
spectrometers and hyperspectral imaging.
3.1.1

Phase 1 Infrastructure

The specific technology demonstration missions dictate the infrastructure requirements of the Robotic
Surveillance phase are dictated by the specific technology demonstration missions. The necessary
aspects for to the investigation of the Moon will be presented here.
3.1.1.1 Architecture
There is no architecture specifically being established on the Moon during this phase. The uncrewed
spacecrafts will carry out investigatory missions of the lunar surface, acquiring data with regarding the
abundance of resources, identification of potential habitat sites, and understanding of the lunar
environment.
There are a number of potential locations on the Moon that have been proposed as possible strategic
locations for a permanent lunar settlement. The site selection for human-based missions is mostly
dictated by available resources, scientific potential, and operational considerations (NASA, 2013). More
specifically, sites with many geological features support science-based missions, while sites containing
or near to high-grade ore and metals are favorable for future lunar base development. Table 3.4 below
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presents the current high priority sites based on past lunar surveillance missions with their respective
locations and critical features.
Table 3.4. Current high priority Lunar outpost sites (NASA, 2013)

Lunar Site

Location

Key Features
●
●
●

Near-permanent sunlight for power production
Oldest Lunar impact feature for science missions
Cold trap present (may contain water ice)

●
●

Near-permanent sunlight for power production
Cold trap present (may contain water ice)

Equatorial
Latitude: 13° N
Longitude: 3.9° W

●
●
●

Extensive high-Ti mantle deposits (useful for ISRU)
Exotic Xenolith ash deposits for science missions
Based in equatorial region (easy access)

Aristarchus
Plateau

Mid-Latitude
Latitude: 26° N
Longitude: 49° W

●
●

Diverse geological area for science missions
Contains pyroclastic deposits (useful for ISRU)

Orientale Basin
Floor

Mid-Latitude
Latitude: 19° S
Longitude: 88° W

●
●

Unique crater morphology for science missions
Contains mare & highland regolith (useful for ISRU)

Central Far Side
Highlands

Mid-Latitude
Latitude:
26° S
Longitude: 178° E

●
●
●

Primordial crust for science missions
Al- and Ca-rich regolith (useful for ISRU)
Low-frequency radio sky for astronomy missions

South Pole
(rim of Shackleton)

Polar
Latitude:
Longitude:

89.9° S
180° W

North Pole
(rim of Peary B)

Polar
Latitude:
Longitude:

89.5° N
91° E

Rima Bode

During this phase it will be essential to determine, through ground truthing of preliminary lunar
observation studies, what resources are available, where they are most abundant and what quantity of
those resources is present. All of this must be considered, while keeping in mind the temperature and
radiation exposure characteristics of each potential location, as well. In order to make the most
informed decision as to the established location of a permanent human settlement, a variety of aspects
must be taken into account. These include:
●
●

●

●

●
●

Terrain: selection of the site to minimize safety risks during landing. Also, analyze the terrain to
assess for the presence of useful resources.
Energy: selection of conditions to ensure energy production, storage, and distribution for
robotic operations and bases should be located close to areas with long periods of illumination
for efficient use of solar energy (Eckart, 2006).
Thermal constraints: temperature variation depends on location (-173°C to 127 °C). The ideal
solution to limiting thermal constraints is to find a location with lower temperature variations,
which would reduce structural stresses, electrical and thermal control system damages.
Communication: the chosen site should ensure a stable communication link with the Earth. It
might be necessary to establish satellite communication via Earth-Moon Lagrange points (for
coverage on polar regions).
Navigation: The need for a ground-based lunar navigation system during exploration of craters.
Dust contamination: dust mitigation technologies are a key enabling factor for performing
extended duration lunar surface missions. Infrastructure preparation will potentially raise a lot
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of dust, which is harmful to robots, so that the mitigation will be crucial for this stage (ISECG,
2018).
3.1.1.2 Power and Distribution
Only limited power is needed in Phase 1, since low power demand surveillance activities will
predominante. It is essential that the power and distribution solution that is used is sustainable, since
current international treaties require avoiding polluting the Moon (UNOOSA, 2017). To make sure they
are sustainable, advanced management, control, and disposal functions are essential. The rovers that
will explore selected areas, to identify the best habitable locations, should be part of a remote
coordinated surveillance effort and should have a self-sufficient, mission specific, power supply, and
control system.
The abundance of sunlight on the Moon, approximately 1.5 times the amount as on Earth due to the
absence of atmospheric influences (e.g., clouds, wind, and rain), make electromagnetic radiation from
the sun an ideal in situ, renewable, and clean source of energy (Kumar, 2006). More specifically, the light
of the sun is converted through photovoltaic arrays into electrical power which makes it a simple
solution with only limited points of failure. The potential power sources could be a combination of a PV
array and batteries for storage as part of the rover design. Alternatively, radioisotope heater units (RHU)
or radioisotope thermoelectric generator (RTG) could be implemented, which have flight heritage and
little sensitivity to temperature gradients and radiation (O’Brien, et al., 2008). However, due to the
radioactive decay process, methods of radioactive disposal must be addressed to ensure the
sustainable exploration of the Moon while generating zero waste. As will be described in the following
Section 4 on Lunar Sustainability Goals, this would maintain compliance with the Lunar Sustainability
Goals “Sustainable ISRU” and “Zero Waste.”
3.1.1.3 Communication
The Earth-Moon communication that will take place during this phase is highly mission-specific to the
individual robotic missions that would be taking place. Some missions may not need developed
communications architecture, as they would use direct communication with ground stations on Earth
using radio frequencies which were also used for the Apollo missions (Dietz, et al., 1972). Any robotic
mission that will be conducted past the horizon, down in a crater, or anywhere else out of the line of
sight from its lander (or orbiter), will require an orbital relay satellite, such as the one shown in Figure
3.2 which was used for the Chang’e-4 mission.

Figure 3.2. Queqiao relay satellite for Chang’e-4 in L2 halo orbit (Xu, 2018)
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3.1.1.4 Navigation
Phase 1 requires rovers exploring the surface and operating in areas far from the landing site. For this
purpose, a ground-based lunar navigation system would be appropriate. A ground-based lunar
navigation system typically relies on the implementation of machine-vision-based-autonomous
navigation, by post-processing stereo images taken from the viewpoint of a rover. Adjacent images are
cross-correlated to assess local location and orientation of the rover and, in principle, the results
obtained could be matched to satellite generated ground images (Li and Zhong, 2016).
Alternative methods of surface navigation include the use of consecutively logged rover positions to
produce displacement maps within a common coordinate system, ultimately being able to produce
local elevation maps (Moesl, et al., 2005). Furthermore, it could be extended to other ground-based
transportation systems in the next phases, although the low accuracy of such a ground-based lunar
navigation system could lead to the development of a more complex and expensive, space-based lunar
navigation system.
3.1.1.5 Transportation
With the use of robotic probes and rovers to prospect the surface, methods of transporting the
scientific instruments from Earth for analysis are required. Current and future planned robotic missions
to the Moon indicate the use of standard chemical propulsion systems. While using these type of
rockets, it is estimated that one kilogram of mass will cost between $35,000 and 70,000 USD to be
transported from Earth to the Lunar surface (Kutter and Sowers, 2016). To reduce these costs,
programs such as the Commercial Lunar Payload Services (CLPS) have been established, which allow
selected companies (e.g., Lockheed-Martin, Moon Express, Orbit Beyond) to deliver scientific payloads
to the Moon at reduced cost (NASA Science, 2018). Given the nature of these prospecting missions, the
need for transport back to Earth is not required. However, for surface-based surveillance missions via
rovers, soft landings are required, which has only been achieved by the US, Russia, China, and soon
Israel (Guo and Han, 2010). Transportation capabilities from the commercial space industry will
transition towards a more reusable form, as will be discussed in the next phase, which is critical in order
to support the goal of “Sustainable Transportation.”
3.1.1.6 In Situ Resources
As mentioned previously, the fundamental purpose of this phase is to quantify the useful resources and
asses potential habitat sites on the Moon. There are a variety of methods and scientific instruments to
characterize the lunar surface. A table summarizing planned missions, instruments being implemented
with their goals, and the resource being assessed is shown in Table 3.5, below.
One of the major resources of interest on the Moon is water ice. Past missions have identified its
presence in the polar regions, deep within permanently shadowed craters, and even trapped within the
lunar regolith itself (NSS, 2018). Water ice has a variety of possible uses for future human missions, the
most critical of which is astronaut hydration and survival. Other aspects include applying electrolysis to
obtain hydrogen and oxygen, which then can be used as a rocket propellant, which would greatly
improve Earth-Moon transportation logistics. Furthermore, oxygen alone could be used in astronaut life
support systems.
Aside from water ice, the basaltic lava regions of the Moon have compositions of metals (i.e., iron,
titanium, aluminum, and more.) and silicon which would prove useful for habitat construction and
mirror fabrication (Fischer, 2018). Although composition of lunar regolith changes based on location,
Table 3.6 provides an indication of the breakdown with anticipated uses for each element.

42

Table 3.5. Summary of resource identification missions with corresponding instruments (ISECG, 2017; Zak, 2015;
Wurz, et al., 2012; IKI RAZ, 2019; Hashimoto, et al., 2011)

Mission

Agency

Instrument
and
Goal
Instrument
and
Goal
●
●

Luna Glob

ROSCOSMOS

●
●
●
●

Polar Sample
Polar Sample
Return
Return

CNSA
CNSA

ROSCOSMOS

●

Resource
Prospector

JAXA

●Polar
Polar
volatiles
volatiles

Active neutron and gamma-ray
analysis
of surface
sensing)
Active neutron
and (remote
gamma-ray
Radiometer-Thermometer
analysis of surface (remotefor
temperature
measurements of
sensing)
subsurface
regolith (remotefor
sensing) ●
Radiometer-Thermometer
●
temperature measurements of
subsurface
regolith (remote
Imaging
spectrometer
for spectral
sensing)
mapping of the lunar surface (remote

●

Luna 27

ISRO

●

●

●

●

Chandrayaan1

●Lunar
Lunar
Soil Soil
●Lunar
Lunar
Regolith
Regolith

Subsurface drilling/acquisition
Subsurface
drilling/acquisition
Analysis
performed
back on Earth
Analysis performed back on Earth

ROSCOSMOS

ISRO

Active neutron and gamma-ray
analysis for elemental composition of
the
surface
structure
●
of the
surface
structure
Laser mass-spectrometer for soil
●
composition
Infrared spectrometry of minerals

●
●
●

Luna 27

Chandrayaan1

Resource
Resource
Assessed
Assessed

●

●
●

sensing)
Imaging spectrometer for spectral
mapping
of(VBB)
the lunar
Broadband
andsurface
short period
(remote
sensing)
seismometers

●
●

(H2, O2,
(hydrogen,
ice water)
oxygen,
ice water)

Lunar surface
Lunar regolith
Lunar surface
Lunar regolith

●
●

Ice water
Iron-bearing
minerals
(pyroxene)
Ice water
Iron-bearing
minerals
●(pyroxene)
Lunar
●
●

Spectro-microscope imaging for
substructure
identification
● mineral
Broadband
(VBB) and short period
● Lunar regolith
● Active
X-ray spectrometer for chemical
seismometers
● Lunar
analysis
of soil
Resource
● Spectro-microscope
imaging for
JAXA
substructure
Prospector
mineral identification
● Lunar regolith
● Active X-ray spectrometer for
Table 3.6. Useful elements available within lunar regolith with estimated quantity (Fischer, 2018)
chemical analysis of soil
Average Composition
Element
Usefulness/ Purpose
(by weight)
●

Table 3.6. Useful elements available within lunar regolith with estimated quantity (Fischer, 2018)
● Required for life support system
43%
Average Composition
● Potential use as in situ rocket fuel

Oxygen
Element

Usefulness/ Purpose

(by weight)

●
●
●

Use for semiconductor manufacturing
Wafers
offor
single-crystal
Required
life supportsilicon
systemfor solar cells
Potential use as in situ rocket fuel
Strong material for construction

43%
13%

Silicon
Calcium

●
●
●

Use for semiconductor manufacturing
Adds
to of
structural
integrity
Wafers
single-crystal
silicon for solar cells

21%
8%

Iron
Aluminum

●
●

Construction
of mirrors
for solar collection and
Strong material
for construction
reflective coatings for spacecraft

13%
6%

Calcium
Magnesium

●

●

Adds to structural integrity
Provide stability to structures

8%
5%

Aluminum
Chromium

●

●

Construction of mirrors for solar collection and
Important
alloy for structural
stiffness
for spacecraft
reflective coatings

6%
2%

Titanium

●

Important alloy for structural stiffness

2%

Silicon
Oxygen
Iron

●
●

43

21%

Magnesium
Provide stability
3.1.2
Phase 1 ●
Governance
Aspectsto structures

5%

Several
countries● have
outlinedalloy
plans
send robotic
explorers to the Moon, including:
Chromium
Important
forto
structural
stiffness
2%China, South
Korea, Russia, India, Israel, Japan, US, and ESA, all with planned missions to explore the lunar surface
Titanium
● Important
alloyinitial
for structural
with
different objectives.
In the
phases, stiffness
global governance will be essential2%
to coordinate
activities, and exists as an important component for achieving a sustainable use of the Moon and
3.1.2 Phase
1 Governance
Aspects
meeting
the Lunar
Sustainability
Goals set out in Section 4 of this paper.
Several countries have outlined plans to send robotic explorers to the Moon, including: China, South
Governance
in India,
the first
phase
willUS,
mainly
consist
of international
partnerships
andthe
agreements,
as
Korea, Russia,
Israel,
Japan,
and ESA,
all with
planned missions
to explore
lunar surface
existsdifferent
today with
partnerships
suchinitial
as the
ISS, and
groups
such as thewill
International
Space
with
objectives.
In the
phases,
global
governance
be essential
to Exploration
coordinate
Working
Group.
These
partnerships
should
be
extended
to
the
Moon
and
should
expand
to
activities, and exists as an important component for achieving a sustainable use of theincorporate
Moon and
new
members.
meeting the Lunar Sustainability Goals set out in Section 4 of this paper.
Guaranteeing
access
to will
the mainly
Moon (Goal
Access) partnerships
should form and
the agreements,
basis of initial
Governance inopen
the first
phase
consist1: ofOpen
international
as
governance,
from
which
other
more
complex
governance
could
develop
over
time
as
the
phases
exists today with partnerships such as the ISS, and groups such as the International Space Exploration
develop.
AnotherThese
criticalpartnerships
requirementshould
for Phase
1 activitytowill
to establish
safety
zones
Working Group.
be extended
thebe
Moon
and should
expand
to(operational
incorporate
boundaries)
to
ensure
the
safety
and
success
of
missions
on
the
lunar
surface.
new members.
A
key benefit ofopen
a strong
working
system
governance
would
be toshould
allow for
the sharing
of all
Guaranteeing
access
to the
Moonof(Goal
1: Open
Access)
form
the basis
ofcrucial
initial
information
with
regards
to
ongoing
and
future
lunar
activities,
including
the
mission
objectives,
the
governance, from which other more complex governance could develop over time as the phases
area
of
operation,
mission
duration,
and
more.
Good
governance
could
also
help
create
an
environment
develop. Another critical requirement for Phase 1 activity will be to establish safety zones (operational
for
collaboration
(Goalthe
4: safety
International
Cooperation),
particularly
in the
sharing of scientific data with
boundaries)
to ensure
and success
of missions
on the lunar
surface.
regards to the lunar and cislunar environment, gleaned from robotic sampling activity.
A key benefit of a strong working system of governance would be to allow for the sharing of all crucial
3.1.3
Phase
1 Summary
information
with
regards to ongoing and future lunar activities, including the mission objectives, the
area
of
operation,
missionphase
duration,
more.anGood
governance
also help create
an environment
The Robotic Surveillance
hasand
shown
underlying
focuscould
on assessing
the usability
of in situ
for
collaboration
(Goal
4:
International
Cooperation),
particularly
in
the
sharing
of
scientific
data
resources on the Moon via in-orbit remote sensing and rovers. Due to the prospecting nature
of with
this
regardshabitat-based
to the lunar and
cislunar environment,
gleaned
from robotic
activity.
phase,
architecture
is not present.
However,
a focussampling
on outpost
location identification,
with consideration of the local terrain, energy availability, and communication aspects. Furthermore, the
3.1.3 requirements
Phase 1 Summary
power
discussed are specific to each mission and the on-board instruments. The general
use
of
solar
arrays
and
potential
implementation
of RTGs, iffocus
properon
disposal
of waste
is available,
the
The Robotic Surveillance
phase has
shown an underlying
assessing
the usability
of inis situ
anticipated
source
of power.
resources on
the Moon
via in-orbit remote sensing and rovers. Due to the prospecting nature of this
phase, habitat-based architecture is not present. However, a focus on outpost location identification,
Communications
this terrain,
phase energy
are based
on line-of-sight
to Earth ground
stations.
However,
with considerationduring
of the local
availability,
and communication
aspects.
Furthermore,
the
implementation
of
a
relay
satellite
during
exploration
of
remote
regions
of
the
Moon
(e.g.,
beyond
the
power requirements discussed are specific to each mission and the on-board instruments. The general
horizon,
far-side,
and
craters)
may
be
required.
Transportation
for
the
mentioned
robotic
prospecting
use of solar arrays and potential implementation of RTGs, if proper disposal of waste is available, is the
missions would
beof
reliant
on commercial launchers with specific involvement of the Commercial Lunar
anticipated
source
power.
Payload Services.
Communications during this phase are based on line-of-sight to Earth ground stations. However,
Current
and proposed
missions
shown
a focusofonremote
characterizing
lunar
regolith,
polar
volatiles
implementation
of a relay
satellitehave
during
exploration
regions of
the Moon
(e.g.,
beyond
the
(e.g.,
water
ice),
and
assessing
the
subsurface
lunar
structure
using
a
variety
of
scientific
instruments.
horizon, far-side, and craters.) may be required. Transportation for the mentioned robotic prospecting
These
current
proposed
missions launchers
are being with
undertaken
by a varietyofofthenations.
To ensure
missions
would and
be reliant
on commercial
specific involvement
Commercial
Lunar
sustainable
and
progressive
exploration
of
the
Moon
during
this
phase,
international
partnerships
and a
Payload Services.
system of global governance must be in place.
Current and proposed missions have shown a focus on characterizing lunar regolith, polar volatiles
(e.g., water ice), and assessing the subsurface lunar structure using a variety of scientific instruments.
These current and proposed missions are being undertaken by a variety of nations. To ensure
sustainable and progressive exploration of the Moon during this phase, international partnerships and a
system of global governance must be in place.
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Infrastructure Preparation
Preparation
PHASE

2025

Infrastrcutre
materials ship
from Earth.

Operational Details

2

INFRASTRUCTURE PREPARATION

10 YEARS

2035

Basic habitat
structure/frame
is complete.

The purpose of the robotic infrastructure preparation phase is to begin the establishment of habitats
and demonstrate the technology necessary for future human missions, with an estimated duration of
10 years. The development of this phase will rely on robotic operations to establish the structural
foundation forofthe
lunar base,
which will be further developed
into begin
a life-supporting
habitat in Phase
3.
The
The purpose
purpose of the
the robotic
robotic infrastructure
infrastructure preparation
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3.7, below.
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O P E R AT I O N A L
DETAILS

PURPOSE: To establish/construct necessary infrastructure

PURPOSE: To establish/construct
necessary infrastructure for short-term missions
for short-term missions.
Autonomous habitat setup, robotic construction of habitats via 3D sintering and Moon
Autonomous habitat setup, robotic construction
Operational
Details
Operational
Details
regolith
piling
ofstocking
habitatssupplies,
via 3D sintering
mooninitial
regolith
piling.
● Cargo shipments
tools, and and
necessary
resources.
●
PURPOSE
:
To
establish/construct
necessary
infrastructure
for
short-term
●
PURPOSE
:
To
establish/construct
necessary
infrastructure
for
short-term
missions
ofshipments
useful resources
(e.g. supplies,
water) thattools,
can be extractedmissions
sustainably
Cargo
stocking
● Establish the volume
●
setup,
robotic
construction
of
habitats
via
3D
sintering
and
● Autonomous
Autonomous habitat
habitat
setup,
robotic
construction
of
habitats
via
3D
sintering
and Moon
Moon
and necessary initial resources.
regolith
regolith piling
piling
the
volume
of and
useful
resources
water)
●
stocking
tools,
necessary
initial
resources.
● Cargo
Cargo shipments
shipmentsEstablish
stocking supplies,
supplies,
tools,
and
necessary
initial(e.g.
resources.
●
of
resources
water)
be
that can
be extracted
a sustainable
manner.
● Establish
Establish the
the volume
volume
of useful
useful
resourcesin(e.g.
(e.g.
water) that
that can
can
be extracted
extracted sustainably
sustainably
●
●

Table 3.7. Overview of operational requirements for Phase 2

PHASE 2
INFRASTRUCTURE

GOVERNANCE ASPECTS
• Define the management of resource
utilization.
• Governance structures largely dependent on
actors present on the Lunar surface.

Architecture
• Implementing in situ manufacturing of
habitats via 3D regolith printing and solar
sintering.
• Sending some rigid and expandable
structures from Earth.
Power and Distribution
• Combination of solar arrays and compact
nuclear fission reactors.
Communication/Navigation
• Use of both line-of sight and surface-based
communications with high data transfer rate
and ability to ensure precise operations.
• Continuation of ground-based navigation for
robots with the additional implementation of
star trackers and sun sensors to increase
location accuracy.
Transportation
• Use of heavy launch vehicles with a focus
on reusability.
• Implementation of a Lunar Space Tug, to
provide constant ferrying of cargo and
supplies.
In Situ Resources
• Small scale mining and processing of
Lunar regolith to procure in situ habitat
materials.
3.2.1

Phase 2 Infrastructure

Upon selection of a habitation site (conducted in Phase 1), laying the infrastructure necessary for future
human missions becomes the priority. The habitation styles presented below are variations that could
be developed. The choice is largely dependent on the in situ resources available within the local outpost
location selected. Furthermore, the infrastructure associated with supplying power, communicating to,
and transporting the robots that will be constructing the proposed habitats is also presented.
3.2.1.1 Architecture
There are multiple ideas for how to construct the structural aspects of the lunar base infrastructure.
Concepts differ depending on the chosen location, but regardless of the location, the dependence on
ISRU is a common factor.
Rigid structure
The first structures that will be produced on the Moon will be manufactured shelters or hangars with
the implementation of a Thermal Protection Systems (TPS). These shelters will prevent damage to

46

robot components due to significant changes in temperature, radiation, micrometeorites, and dust,
while they work to develop the larger structures that will be used later for human habitation (Hernandez,
Sunder and Vestgaard, 1989).
Large structural elements could be brought from the Earth directly, similar to how space stations have
been previously constructed, however, this would be extremely costly (ESA, 2019b). Also, the fuel and
fairing capability required for soft landing these structures on the surface of the Moon presents
technical challenges (Benaroya, et al., 2016). Therefore, ISRU is thought to be an essential first
approach to lunar habitat development.
Regolith 3D Printing
One of the concepts, developed by ESA and Foster and Partners, is 3D-printing the external shell
structure of habitats out of lunar regolith, as seen in Figure 3.3 below. This technique requires a single
multi-purpose robot which has the ability to collect and distribute regolith, layer by layer, around an
inflatable dome in order to create a protective shell. Implementing this technique would minimize the
weight of structures and the amount of manufacturing material launched from Earth (Foster and
Partners, 2013). It would also reduce the required amount of regolith, which is in line with the goal of
“Sustainable ISRU.”

Figure 3.3. Lunar base made with 3D printing, section and overall view (Foster and Partners, 2013)

Solar Sintering
As a specialized form of 3D-printing, solar sintering concentrates sunlight in order to heat and shape
lunar soil. This method could enable the production of habitat structures, landing pads, and dust
protection walls, among others. Furthermore, it could also contribute to the construction of roads,
which would decrease the amount of aerosolized dust that could travel into machines and habitats,
causing technical issues. Solar sintering also provides the ability to contour craft, which creates entire
solid structures (see Figure 3.4 below), and can join previously assembled bricks to one another for
construction (Imhof, et al., 2017).

Figure 3.4. Solar crafting of the martian surface habitat (left) (Solar Crafting, 2015). Radiation and
micrometeorite protection system based solar sintered regolith bricks (right) (RegoLight, 2017)

47

Implementing Ice
The concept of using ice to construct radiation protection shells for habitats was developed by SEArch+
for 3D Printing NASA Habitat Challenge Figure 3.5. While the concept was originally proposed as a
martian base concept, it could be utilized on the lunar surface as well. Ice has good radiation protection
capabilities and can be translucent, which allows for the introduction of the natural light to the structure
a benefit for future occupants (Ciardullo, et al., 2016).

Figure 3.5. The Mars Ice House robotic construction process and a section view (Ciardullo, et al., 2016)

Alternative in situ Manufacturing Methods
Other methods of constructing habitats for future missions based on in situ resources are outlined
below:
●
●
●
●

Electron Beam Additive Manufacturing - Uses a vacuum to create an electron beam that can
be used to produce large metal parts (ESA, 2019c)
Fused filament fabrication - Can create a wide range of materials and has already been tested
in low gravity conditions (ESA, 2019c)
Lithography-based ceramic manufacturing - Can use lunar soil to create ceramic items with
very precise dimensions (ESA, 2019c)
Melting mare low-viscosity soil - Potential to provide glass wool and glass fibers. This
technique (which is thought to be solar-powered) has been proposed for structures composed
of many small repeating units (ESA, 2019c)

3.2.1.2 Power and Distribution
During this phase, power infrastructure for robot operations shall be developed. The power
infrastructure includes power generation, storage, and distribution. Since this infrastructure will be the
foundation for future human missions, it is crucial to test its reliability before the first astronauts arrive.
Furthermore, to achieve a high degree of self-sufficiency, ISRU would be the most practical option and
would decrease the dependence on Earth resources. However, the ISRU must be conducted in a
sustainable (Goal 14: Sustainable ISRU) manner that does not impede other space actors from utilizing
similar resources (Goal 1: Open Access, Goal 4: International Cooperation).
With the above in mind, there are a few power sources that could be taken into consideration. The RGUs
and RTGs technologies from Phase 1 do not provide enough energy to be useful in the current and
subsequent phases. It is likely that solar power will be implemented as an energy source for robots and
the future settlement. A number of solar arrays that are easy to install, maintain, and provide
continuous energy would be ideal for this phase. However, this is also dependent on the outpost
location, with polar sites seeing about 20% more sunlight than non-polar sites due to their latitude and a
few exceptional areas experiencing 80% sunlight within a lunar day (NSS, 2018).
The complete absence of sunlight for solar power within permanently shadowed areas can be balanced
due to the anticipated access of continuous sunlight nearby (NSS, 2018). However, in the event that
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solar arrays do not suffice, implementing an alternative power source would be required. Compact
nuclear fission reactors would meet these needs. Specifically, NASA’s KiloPower, capable of providing
10 kWh of electrical power via the decay of uranium-235 for a period of 10 years (Potter, 2018); and
ESA’s Lunar Surface Reactor, which implements radioisotope heat units with an expected power
production of 100 kWh for a period of 10 years (Summerer, et al., 2015) are viable options. In later
phases, these reactors could serve as backup sources to provide the minimum life support functions
needed in case other sources fail since they will provide for at least 10-years of continuous power,
which support Goal 8: Health and Safety. Furthermore, implementing a standardized method of power
transfer during this phase would be beneficial, and support Goal 10: Standardization. It would allow
instant access to power, regardless of the circuitry within the lunar equipment, robots, or future human
settlement components while also promoting the involvement of international partners (Goal 4:
International Cooperation) due to the standardized power system. This would also benefit habitat
preparation, where no significant power infrastructure has been developed, yet.
Overall, these reactors would still need to be dismantled and disposed properly, in line with the
sustainability goals, especially Goal 12: Zero Waste. In general, this phase serves as an opportunity to
test the different energy generation, transformation, storage, and distribution technologies for future
phases and to achieve Technology Readiness Level (TRL) 9 (flight proven system).
3.2.1.3 Communication
In addition to the need for Earth-Moon communication, this phase requires lunar communications
between the orbiters (if available), autonomous robots, and rovers on the lunar surface. For this
purpose, both line of sight communications, as well as non-line-of-sight alternatives similar to those
discussed in Phase 1, should be implemented (Coutinho and Welch, 2018).
Telerobotic Operations Communication
During this phase, the use of telerobotics will enable Earth operators to “work on the Moon” every day
with a real-time experience on the Moon surface (Cooper, et al., 2005). Nevertheless, telerobotic
operations at remote distances, due to the time delay potentially will make human-in-the-loop
commanding and monitoring of robots less effective. Radio signals take about three seconds to make a
round-trip from the Earth to the Moon and back. If the delay is greater than five seconds, according to
the Global Exploration Roadmap, it is recommended that robots are operated as autonomously as
possible (through the implementation of automated subroutines), in order to ensure safety and
efficiency (ISECG, 2018).
In order to achieve robotic based infrastructure preparation, efficient communication between
multi-robot teams is required. According to the Consultative Committee for Space Data Systems
(CCSDS), at present, telerobotic operations concepts do not scale well beyond one robot operation
(CCSDS, 2017), thus, such technology development is crucial for this phase. Robots building
infrastructure should ideally have the capacity to achieve their goals while operating independently from
external control. This autonomy can be achieved through a pre-planned set of instructions or by the
introduction of Artificial Intelligence (AI) that will enable the system to reason and act rationally in
different situations, ensuring the success of the mission (NASA, 2015d).
3.2.1.4 Navigation
To construct habitats remotely on the lunar surface using robots, precise navigation is required. Since
the pathways of the robots will likely repeat, implementing the same ground-based lunar navigation
system of Phase 1 would provide an initial identification of direction. However, as mentioned in previous
sections, this method often has low accuracy. To overcome this accuracy issue, a celestial based
navigation system could be incorporated and would include adding star trackers and sun sensors,
making it independent of ground facilities (Ning and Fang, 2009). Designs of other sensors of this

49

nature have shown to handle changes in the Sun’s position and accommodate for rover attitude
(Trebi-Ollennu, et al., 2001). Such technology would prove beneficial for autonomous robots involved in
infrastructure preparation.
3.2.1.5 Transportation
Setting up the necessary infrastructure during Phase 2 relies heavily on in situ resources. However,
many materials, equipment, and robots will still need to be sent from Earth to carry out the
construction. With further advancements in rocket technology, the ability to transfer larger amounts of
payload to the lunar surface should be achieved. As seen in Figure 3.6 below, a combination of national
agencies and commercial companies are pursuing the ability to launch payloads on the order of 50
metric tons to the Moon. Any payload mass below that level is assumed as an expendable launch
vehicle, meaning it does not return to Earth (Musk, 2017).
Commercial companies, SpaceX and Blue Origin, have focused development on reusable launch
vehicles to decrease the overall production cost. This approach also decreases the likelihood of
producing space debris and waste on the Moon from expendable launch vehicles, which supports Goal
9: Sustainable Transportation and Goal 11: Space Debris Mitigation. However, doing so also decreases
the overall payload mass that can be carried in a single launch to the lunar surface.

Figure 3.6. Comparison of heavy launch vehicle capabilities (Amos, 2016)

Alternative transportation architectures have been proposed. The “Lunar Space Tug” (LST) is meant to
provide a transportation system from Earth to cislunar space. Unlike the previously discussed
transportation systems, the LST operates on solar electric propulsion, allowing it to be reusable by
having a periodic rendezvous between LEO and LLO (Mammarella, et al., 2018).
Regardless of the methods used to traverse cislunar space, performing a soft landing with high payload
mass is critical to the success of the phase. Guidance systems using landmark recognition to touch
down softly will enable the cargo to be delivered intact (European Lunar Lander, 2012), while also
avoiding the chances of inadvertently landing in undesirable areas, such as international heritage sites
which should be protected per Goal 7: Heritage Protection. Overall, sending stock supplies of cargo
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containing spare parts, tools, and initial food and life support resources will also be critical prerequisite
for the next phase.
3.2.1.6 In Situ Resources
In the context of Phase 2, the use of in situ resources plays a critical role in the successful completion
of the phase. Lunar regolith has been identified as the main resource for base structures. Useable
amounts of metals and composites would be implemented for construction, so the collection of in situ
resources (e.g., lunar regolith) for constructing habitats would be the primary focus. This would involve
small scale mining via on-site robotics, which would establish the foundation of resource collection that
can later be scaled in future phases.
Before using the raw materials, methods of chemically processing the regolith to extract useful
resources is required. Fluorine has been identified as possible catalyzer. This process involves heating
the regolith in the presence of fluorine, which binds to silicon and titanium components within the
regolith, while displacing oxygen (Landis, 2007). The remaining by-products can be re-condensed,
allowing extraction of the fluorine, making the process repeatable and sustainable per Goal 14:
Sustainable ISRU. Once valuable components are collected, techniques to stabilize the regolith must
also be designed to ensure that the infrastructure established in Phase 2 does not fail while in use
during later phases.
3.2.2

Phase 2 Governance Aspects

After the first phase of robotic exploration and scientific discovery, the focus for governance shifts to
defining the right approach to managing new lunar activities, particularly in the area of resource
utilization. The second phase of development aims to establish the basis for the habitat. Here the need
for operational boundaries is important, but the extent of the governance required will depend upon the
composition of the actors on the lunar surface (e.g., one country or several countries, public and private
organizations).
UN COPUOS has been governing uses of outer space since the launch of Sputnik. COPUOS is guided by
a set of fundamental principles created by the UN General Assembly with the adoption of five major
treaties, and serves as a good forum for furthering efforts to manage space
Space on
on an
an international
international scale.
scale.
Existing law about resource collection and utilization is somewhat open to interpretation, as mentioned
above in Section 2.6.2. The Moon Agreement, one of the five aforementioned fundamental principles,
specifies in Article XI that the Moon and its natural resources are the common heritage of humankind. It
further provides that once the exploitation of these resources is technically feasible, the parties to the
Moon Agreement would create an ad hoc international regime to govern exploitation. This governance
system would allow an orderly and safe development of the resources, their rational management, the
development of opportunities in their use and especially an equitable sharing of the benefits derived
from the resources (Jakhu, et al., 2018). However, this project was never executed and the parties that
ratified the Moon Agreement are too few that it would have a limited impact on tackling the exploitation
of resources, which is why the current legal framework regarding the exploitation and appropriation of
lunar resources is considered outdated.
Some scholars believe that resources separable from the ground of a celestial body would have a
different legal status than the lunar ground itself, which could be a way of allowing ownership of
extracted resources (International Academy of Astronautics, 2015). This approach would be a new
challenge for outer space activities, and forming an international consensus would be essential for a
lunar base with resource extraction activities (Rao, et al., 2017).
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O P E R AT I O N A L
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Section 2.3.2. During this phase, the foundation for larger operations can be established as well, not just
habitation. The lunar crews can work to prepare and further develop the foundations for increased
resource collection, refinement and utilization operations. This phase will be concluded when there is an
infrastructure in place to sustain a permanent human presence on the Moon, with crew members
rotating every six months per year (ISECG, 2018).
Like the previous sections, the operational requirements to successfully carry out the phase are
summarized in Table 3.8 below, followed by a detailed discussion. New to this section is “Human
Factors,” which is defined in this report as the aspects that must be addressed during the operation of a
phase due to a human presence. These factors include life support, medical capabilities, and culture,
which will be further presented in Section 3.3.3.
Table 3.8. Overview of operational requirements for Phase 3

PHASE 3
INFRASTRUCTURE
Architecture
• Development of habitat
similar to current
operational standard of the
ISS.
Power and Distribution
• Development of
concentrated solar power
via mirrors.
• Use of fuel cells and/or
batteries for portable
power and storage.

GOVERNANCE ASPECTS
• Ensure that the Moon can
be used for new
emerging activities.
• Activities are following
with International Law on
Earth.
• Local governance helping
to ensure human safety,
norms and rights with
different activities.

Communication/Navigation
• Surface communication
between astronauts and
Lunar base.
Transportation
• Human rated Lunar
landers.
• Potential to use an orbital
platform to facilitate
transport to the surface.
In Situ Resources
• Development of larger
scale in situ resource
collection mechanisms.
• Subsurface resource
extraction via small scale
mining operations.
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HUMAN FACTORS
Life Support
• Use of open-loop life
support systems.
• Implementing Extra
Vehicular Activity (EVA)
suites for surface
exploration missions.
Medical Capabilities
• Use of standard First Aid
Medical accessories kit,
similar to Apollo
missions.

3.3.1

Phase 3 Infrastructure

The infrastructure laid out in prior phases provides the foundation for fundamental human operations.
However, even the most sophisticated robots have their limitations. The infrastructure of Phase 3
addresses the expansion required for long-term operations, which requires human involvement. In this
section, additional habitat structures tailored for human occupation are presented along with the power
system needed to support them. Furthermore, the necessary communications and navigation systems
for safe exploration are discussed along with the methods of transporting the astronauts. The section
concludes with a brief discussion on the expansion of in situ resource collection.
3.3.1.1 Architecture
Habitable Modules
The goal of Phase 3 is to conclude with a fully pressurized habitation, capable of carrying out the same
level of operations on the surface of the Moon as the ISS conducts in Earth orbit, or even more.
Therefore, the size and functionality of the ISS can be taken as a bare minimum construction
requirement for Phase 3. This minimum equates to a total of 916 cubic meters of pressurized volume
including 388 cubic meters of habitable volume (Daines, 2014).
For mission and astronaut safety, only six people inhabit the ISS at the same time. This restriction
exists due to the limited escape capability of only having two accessible Soyuz spacecraft, each
capable of fitting three individuals, in the event of an emergency (NASA, 2018b). However, a structure
the size of the ISS on the Moon could host up to 10 inhabitants. Overall, due to the preliminary
capabilities of the infrastructure and crew during Phase 3, the number of crew would be primarily
dictated by the safety precautions and evacuation capabilities in place, in keeping with the prioritization
of Goal 8: Health and Safety.
Pressurized Structures
To prepare for a human presence on the pressurized structures to keep the right atmosphere,
temperature, and other imperative conditions for supporting life is vital. At this phase, the pressurized
modules can be carried from Earth, ensuring more reliability than in situ production for deployed on the
lunar surface and to undergo preliminary qualitative tests.
The habitable modules can be either rigid, as are ISS modules, or deployable/expandable, like the
Bigelow Expandable Activity Module (BEAM) as shown in Figure 3.7. In both cases, it is possible to
ensure radiation protection, yet this will increase the mass and volume. Another alternative is to use
thin-membrane inflatable modules, which are easier to transport from Earth than rigid modules, due to
their compactness. In order to sustain harsh lunar conditions, habitats based on inflatable modules
would require additional radiation and micrometeorite protection, which was described above in Section
3.2.1.1 (Howe and Sherwood, 2009).

Figure 3.7. The Columbus Module on the ISS (left) (NASA, 2018c) and BEAM (right) (Bigelow Aerospace, 2016)
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3.3.1.2 Power and Distribution
During Phase 3 ,the availability of energy needs to increase rapidly to support newly introduced robots,
vehicles, habitats, and other facilities, and prepare for the following phases. To achieve this, using an
alternative method for collecting solar energy shall be implemented. This would include the use of
Concentrated Solar Power (CSP), which is based on mirrors redirecting sunlight to a solar energy
collector (Barlev, 2011). Furthermore, CSPs have shown to have the highest power-to-weight ratio
among non-nuclear solutions, however, the system requires precise alignment and the need for human
involvement during setup.
To further improve the power-to-weight ratio of CSP systems for a lunar base, reusing parts of rockets,
rocket stages, and tugs is a viable solution that has been developed. Current rocket technology permits
the reuse of the first rocket stage and boosters; however, the second stage is often discarded beyond
LEO. With extra fuel within the second stage, these combined rocket components could be transported
to the Moon, reducing power infrastructure transportation costs significantly. As seen in Figure 3.8,
components such as the nose cone, and rocket tank/stage can be pre-manufactured with reflective
coatings, which can be set up to concentrate solar energy from the Sun. Moreover, the second stage
propulsion tanks can be reused as on-site storage tanks for in situ production of hydrogen, oxygen, and
water (Lafayette, 2002).

Figure 3.8. A CSP system constructed by reusing parts of fuel tanks and tugs

With anticipated surface expeditions occurring in Phase 3, the need for portable power supplies and
storage is required. The use of lithium-ion batteries offers high specific energy with the capability of
operating in a range of temperatures (Khan, et al., 2006). However, regenerative fuel cells have an even
higher energy density with the ability to be refueled from in situ resources that can be extracted from
the lunar regolith and ice water (NASA, 2015e). No matter the energy storage mechanism, a
standardized method of refilling and extracting the energy from these is crucial for developing a robust
power system needed for human exploration on the Moon.
3.3.1.3 Communications
Up until this point, the communications capabilities on the Moon will be limited to those of the specific
robotic systems utilized in the missions of Phases 1 and 2. Similarly, the communication requirements
during Phase 3 are specific to the individual crewed missions that will be conducted. However, Phase 3
will play a vital role in preparing for the later phases including the development of more robust
communication platforms for the operations that will take place during Phase 4.
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Surface Communication
This pillar mainly involves communication between the astronauts already on the surface of the Moon.
The communication links could be astronaut-to-astronaut, astronaut-to-robot/rover, between lunar base
and the Extravehicular Activity (EVA) crew, and facilities. For these purposes, the use of omni-directional
Very High Frequency (VHF) antennas system could provide the necessary capabilities for these
communication requirements. Relay satellites could be used for point-to-point lunar communications
when there is no line of sight (Coutinho and Welch, 2018).
Different robotic types of missions have been executed in the past. Missions involving the deployment
of humans were all under near real-time communication conditions. Robot-only missions took place
under near real-time, as well as under delayed communication conditions. Near real-time
robot-missions could make use of lower levels of autonomy (e.g., tele-operation) than missions with
delayed communication situations (NASA, 2015d).
Earth-Based Communications
During this operational phase, the amount of scientific data transfer to be required for the missions will
increase. Schedules need constant updating and live-feed video surveillance of the crew is likely
desirable for mission safety as well as public outreach, which supports Goal 5: Education and Outreach.
The increased amounts of data transfer would still be carried out by traditional RF communication
systems, with the support of the relay satellite systems.
3.3.1.4 Navigation
Navigation capabilities would need to be expanded due to crewed missions and human exploration of
the lunar surface. While the rudimentary positioning system used to coordinate robotic activity in
Phases 1 and 2 could be relied upon as a basis, refining the localization capabilities of the system
would be paramount to the safety of the lunar crews and their efficacy in accomplishing their missions.
3.3.1.5 Transportation
The arrival of humans to the Moon would require far more reliable systems of transportation, compared
to those presented in earlier phases. There are a few launchers that have proven the capability of
transporting humans into space; however, the only example of landing humans safely on the surface of
the Moon was demonstrated by the Apollo missions (ESA, 2011; Jones, 1995). Soft landings conducted
in previous phases for cargo drops would be analogous to the method of transportation for humans to
the lunar surface in this phase. However, safely landing humans on the Moon is a feat that was
achieved nearly 50 years ago, and has yet to be replicated since.
Surface-to-LLO Transport
Surface-to-Low
Lunar Orbit (LLO) Transport
While direct transfer to the lunar surface is feasible, it is possible that during Phase 3 there could be
other technological developments for transference of humans to and from the lunar surface.
Roadmaps produced by NASA and ESA have referenced the use of an in-orbit platform to facilitate the
transportation of humans to and from the lunar surface. One example of this is NASA’s LOPG (Wall,
2018b). To test the reliability of the human landing systems and overall safety, a series of operational
steps should occur (Bridenstine and Gerstenmaier, 2019), as outlined below. Overall, implementing a
reusable system for human transport leads to lower costs, higher access frequency, and increased
reliability of lunar surface transport, and directly supports Goal 9: Sustainable Transportation.
Step 1: Descent Element Testing
● Send uncrewed descent element through low lunar orbit and then deploy to the surface of the
Moon.
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Step 2: Full-Scale Testing
● Test multiple systems for the human landing system:
a) Lunar ascent element
b) Transfer vehicle element
c) Another lunar descent element.
● Aggregating all three components at the orbital platform, then transfer to 100 km staging orbit.
● Ascent/descent duo deploy to the lunar surface, transfer vehicle returns to orbiting platform.
● After a soft landing, ascent element transfers back to the orbital platform to provide a full
end-to-end human-class test.
Step 3: Human Crew Deployment
● Astronauts shipped to an orbiting platform via a chemical propulsion system.
● Three commercial launchers provide another lunar descent element and two refueling
elements for the transfer vehicle and ascent element, respectively.
● The same three-element infrastructure used to deploy a four-person crew to the lunar surface
in the same fashion as seen in Step 2.
Surface Transportation
For missions which focus on the scientific rationale mentioned in Section 2.3, a method of long-range
surface transportation for astronauts would be required. Using the Apollo missions as an analog, the
use of unpressurized Lunar Roving Vehicles (LRV) allowed access to the surrounding terrain from the
lunar module of up to 7.6 km during Apollo 17. Similar technology would be used for surface exploration
involving lunar-geology missions or long distance mining operations. The LRVs developed during the
Apollo era operated using an electrical power source (batteries). However, the past 50 years have
provided ample progress in battery technology, meaning the rover’s maximum range could exceed 120
km, greatly surpassing the capabilities of the LRVs seen in the 1970s (Baratta, 2019).
3.3.1.6 In Situ Resources
This phase provides an opportunity to develop the larger infrastructure required for an in situ resource
collection operation, in parallel with the development of the human habitation. While some in situ
resources would be utilized up until this point, the majority of the past activities would consist of using
regolith and other easy to access surface resources. In this phase, the required machinery could be
brought to the Moon to begin something similar to a small-scale mining operation, where below surface
resources could be extracted and refined for other uses. The resources include water, semiconducting
compounds and other heavy metals that have been referred to both in Phase 1 of this roadmap and the
economic rationale (Section 2.1) for going to the Moon. This phase is only preparatory in terms of
bringing the required equipment and developing the extraction site or sites. All larger scale resource
collection, refinement and utilization would take place as part of the operations of Phase 4.
3.3.2

Phase 3 Governance

With Phase 3 signifying the first-time humans have returned to the Moon since 1972, the level of
governance required expands beyond global governance on Earth, to local (operational) governance on
the Moon. Operational governance is essential to ensure human health and safety, and create an
environment that allows for management of the various activities as the function of the base extends
beyond the infrastructure preparation of Phase 2.
Governance in Phase 3 must ensure that the Moon could be used for different activities, in line with
sustainability Target 1.3 for Open Access (Goal 1). Local governance could help ensure transparency of
activities, which builds trust between lunar actors and helps foster cooperation between organizations.
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The local governance required to maintain control over different emerging space activities with the
arrival of the first wave of humans to the Moon could build upon existing international agreements such
as the Antarctic Treaty, which uses a consensus-based approach to ensure appropriate uses and broad
activities (e.g., science, tourism, maritime, etc.). The local governance is a form of public-private
partnership which divides duties between stakeholders. (Launius, 2014; Ehrenfreund, Race, and Labdon,
2013; International Moon Village Workshop Final Report, 2017).
Over time, as activities develop and areas such as lunar ISRU become fledging operations, the
operational governance on the Moon may shift to represent something similar to the high seas. The
United Nations Convention of the Law of the Sea could be a useful analog in that it serves to manage
the ocean and protect its resources while allowing for commercial activities and resource extraction.
For the Moon, information from all possible stakeholders regarding development plans would be
needed to design an inclusive operational management system that provides benefits for all
stakeholders (Launius, 2014; Ehrenfreund, Race and Labdon, 2013; International Moon Village
Workshop Final Report, 2017).
3.3.3

Phase 3 Human Factors

This phase is the first to include human factors, as this is the phase when humans arrive on the lunar
surface. This section includes some details in regards to the increased need for life support systems,
medical capabilities, safety precautions, and organizational frameworks. Most of the life support and
medical specifics within this phase depend substantially on the specific requirements of the crewed
missions to the Moon that will take place throughout the phase. However, it is essential that a
foundation is established in all of these factors as early as possible, such that they are developed
adequately and potentially support a growing, permanent human presence on the Moon.
3.3.3.1 Life Support
Open-Loop Life Support Systems
Oxygen, water, and nutrition in this phase are not provided by the current state of developed lunar
infrastructure. Robotic mission initiatives would have already begin extracting lunar resources to
produce water and oxygen for use in Life Support Systems (LSSs); however, this phase would rely on
supplies carried from Earth. It is vital that this stage prepares LSSs to consistently and continuously
sustain human life on the Moon for the following phases in a sustainable manner.
On the ISS, there is a partially closed-loop LSS that is able to recycle water and oxygen, but still heavily
relies on resupply from Earth. Due to the distance circumstances, resupplying the Moon will be more
complex and require higher costs than resupplying the ISS and therefore, establishing the basis of
larger scale food production, hydroponics and other means of capturing and repurposing waste
material will be essential to transitioning to later phases (Damann, 2018a).
Outside of the lander modules, due to the harsh lunar environment described in Section 2.3.2.1 and
Section 2.3.2.2, the crew would require Extravehicular Activity space suits. The primary function of an
EVA space suit is to protect the astronauts for up to eight hours during EVA (Buffington and Mary,
2015). The space suit includes a Portable Life Support System (PLSS), a Pressure Garment System
(PGS), and a Power, Communication, Avionics, and Informatics (PCAI) system. The functions provided
by the space suits, apart from protecting the astronaut from the lunar environment, include maintaining
pressure and temperature, dispensing oxygen, facilitating mobility, waste management, tracking
astronaut biomedical data (Conger, et al., 2010). The involvement of the Portable Life Support System
assists metabolic rate, critical life support and astronaut comfort (Watts and Vogel, 2016; Conger, et al.,
2010).
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3.3.3.2 Medical Capabilities
Due to the short duration of the crew’s mission on the lunar surface, it is not necessary to have the
complex medical capabilities that would be required by larger populations that would be on the Moon
for longer durations in later phases. Missions would require medical accessory kits such as the one on
the Apollo 11 Command Module, shown in Figure 3.9.

Figure 3.9. Apollo 11 medical kit (Smithsonian, 2019). The kit contains motion sickness injectors, pain-killers, eye
drops, nasal sprays, bandages, an oral thermometer, spare crew biomedical harnesses, and pills against nausea,
diarrhea, and other issues that may arise during short duration missions (Smithsonian, 2019).

3.3.4

Phase 3 Summary

Phase 3 represents the transition between exploration and habitation. At the beginning of the phase, the
first crewed missions will be sent to the Moon, to support the increase of production and construction
capabilities of the robots that are already there. Together, the robots will work with a series of crews to
construct a habitat to sustain human life continuously, such that at the end of the phase, the
infrastructure is sufficient to house 6-10 people, for six months to a year.
The use of concentrated solar power to sustain the energy requirements of the human-based missions
has been discussed along with the use of batteries and fuel cells to provide a portable source of power
during surface explorations. Details of surface communications and methods of improving navigation
for astronauts during surface expeditions have been addressed by further developing the systems that
have already been put in place. Furthermore, utilizing an orbital platform to facilitate transportation to
the surface via lunar landers has been discussed accompanied by the expansion of in situ resources.
With initial missions being conducted by humans, the use of open-loop life support systems and EVA
suits have shown to be essential during this phase. A standard first aid medical kit is incorporated to
account for any medical emergency seen during the two-week missions.This phase has also
emphasized the basis of ensuring the Moon is used for new emerging activities, which are following
international law on Earth. Local governance structures shall be established based on the actors
present on the surface to help ensuring human safety.
The accomplishments of this phase can be seen as analogous to the difference between Space Shuttle
missions and missions of the ISS. This phase represents a significant amount of the preparatory
infrastructural work in sustaining small scale operations, with the intention of upscaling in the future.
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The concept of a ‘Basic Operations’ phase serves a variety of purposes in the overall evolution of a lunar
settlement. The underlying intentions of its existence is to conduct science-based missions with a
focus on key objectives initiated by governing agencies or corporations, thus fulfilling the scientific
rationales in Section 2.3.1.1. It does so by utilizing existing infrastructure and habitation finalized in the
previous phase. The secondary function of the phase is to test life support systems and further push
technology developments for use in the later settlement phase, which support the exploration rationales
in Section 2.3.1.2.
Published roadmaps from Airbus Space and Defense as well as the ISECG share phases with the
previously mentioned focus. In a simpler sense, this phase is analogous to the current status of the ISS.
However, rather than serving as a microgravity laboratory, the lunar base in this phase serves as a
home for astronauts to live and conduct activities focused on the development of lunar geography,
physics, and astronomy.
The harshness of the lunar site and the duration of lunar missions provides an adequate training ground
and learning opportunities for human missions beyond our planetary system. This fourth phase also
serves as a period during which long-term effects of hypogravity on the human body can be studied.
From this, feasibility from a medical perspective can take place to assess whether prolonged
hypogravity habitation is safe. Overall, with the end goal of developing a sustainable lunar settlement,
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this phase serves as a major test bed for potential settlers of the future. As such, for this phase to be
considered successful, the life support technologies must be tested and science conducted as per the
desire of the funding organization.
With the previous phase addressing the transition and interface among robotic exploration with
humans, the operational requirements of this phase are different and focus more focus on long-term
and continuous human inhabitation, which requires different technological aspects and human element
considerations. The technological considerations and timeline elements are sourced from NASA’s
Lunar Roadmap and Airbus Defense and Space. Specifics of each will be identified accordingly. An
overview of the operational requirements specific to this phase is provided in Table 3.9 below.
Table 3.9. Overview of operational requirements for Phase 4

PHASE 4
INFRASTRUCTURE
Architecture
• Use of existing habitat and
mission specific
structures.
Power and Distribution
• Scaling existing solar
power infrastructure and
implementing thermal
concentrated solar power
to address power needs
during Lunar night.
• Implementation of a power
management system to
regulate efficient use of
energy.

GOVERNANCE ASPECTS

HUMAN FACTORS

• Ensure that the Moon can Life Support
be used for new
• Use of partially
emerging activities.
closed-loop systems,

• Activities are following
International Law on
Earth.

• Active governance
detailing the agreed roles
and responsibilities of all
space actors and
establishing a
management structure to
control and govern the
activities.

Communication/Navigation

similar to ISS.

• Proactively addressing
external stressors
experienced during
long-term missions to
enhance crew
productivity.
Medical Capabilities
• Extensive First Aid and
medical training for crew,
similar
crew., similar
standard
standard
seen in
ISS.
seen in ISS.
• Access to more robust
medical equipment and
tools, similar to those
aboard the ISS.

• Surface communication
between astronauts and
Lunar base.

Culture

Transportation

• Development of Lunar
subculture and upholding
cross-cultural
understanding during
mission training.

• Use of pressurized roving
vehicles for distant surface
exploration and
transportation of raw in
situ resources.
In Situ Resources
• Collection of in situ
materials focused on
obtaining resources
required to sustain
long-term human
habitation. (ex. water ice,
oxygen, and others).
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3.4.1

Phase 4 Infrastructure

The infrastructure requirements of the ‘Basic Operations’ phase are dictated more by the types of
missions or operations the base will be conducting while also addressing the long-term inhabitation of
humans. Furthermore, the architectural aspects discussed in Phases 2 and 3 lay the foundation of living
quarters for this phase. Therefore, the necessary aspects of power and distribution, communications,
navigation, and transportation will be presented instead.
3.4.1.1 Power and Distribution
In Phase 4 the need and capability to produce energy continuously is required due to the permanent
inhabitation of the base. An increased number of solar energy collection facilities is necessary.
However, a different approach must be taken to address the lack of sunlight during the Lunar night.
One approach is to extend the thermal Concentrated Solar Power (CSP) system built in Phase 3, with
multiple CSP facilities, spaced circumferentially around the Moon at a specified latitude, to provide
power continuously without the need for power storage. The use of multiple CSPs is most feasible near
the poles since the distance between the CSPs as well as the duration of the lunar night is shorter than
if the facilities are located closer to the equator.
The concept of a thermal CSP system is that energy concentrated from solar electromagnetic radiation
is used to heat a working fluid to drive a dynamo, much like a typical turbine generates electricity
(Iskander, et al., 2008). The Moon has craters and other sites that due to their position in eternal shade
are never irradiated, resulting in low-temperature areas “cold bodies.” The proximity of very cold bodies
and very hot bodies generated by CSP makes the Moon a viable location for generating thermoelectric
power (Paige, 2009 and Farrell, et al., 2010). Studies have shown that this process can be altered to
create a closed loop system (Edmund, et al., 2013), allowing the habitat to become closer to
independence from Earth and supporting Goal 12: Zero Waste. There are different versions of CSP, all
of which have slight variances in efficiency depending on where each system is implemented on the
lunar surface (Wagner, 2012).
On the Moon, there are no atmospheric conditions that require a solution to withstand wind gusts and
rain (Williams, 2017). Plus, the gravity on the Moon is only ⅙ Earth’s gravity, which results in needing less
robust construction than on Earth, and means that the base of the CSP could be produced in situ
(Williams, 2018b).
To compensate for the lack of solar energy during a lunar night, the medium heated by the CSP system,
e.g., sodium or ceramic can be stored in hot sink storage for powering the thermoelectric installation
and for directly heating the habitats, as shown in Figure 3.10. Directly heating the habitats can save
20-30% on primary energy consumption for heat production by omitting conversion to electricity
(Snijders, 2008). During the Lunar day, the cold sink can be used to cool the habitats directly using a
heat exchanger, making electrical power savings possible of 60-80%. The long-term energy storage can
be achieved by using electrolysis and storing the produced hydrogen and oxygen in tanks and fuel cells.
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Figure 3.10. A CSP Tower system combined with heat and cold storage sinks

The increased complexity of the power grid would require an integrated power management system
that is managed as part of an overall Moon base management solution. A light version for power (grid)
management would already be needed in Phase 3.
The Power Management System (PMS) will manage and orchestrate the complete Power Ecosystem
from source to consumption autonomously. Current Concepts of Operations (CONOPS) rely on ground
control and are labor intensive and lacking automation. These concepts must be updated and include
autonomy at every level. Explicitly named cross-cutting technologies are artificial intelligence,
autonomous systems, sensors, and information technology (NASA, 2015d).
The PMS should be an integrated part of an end-to-end ecosystem management solution for the whole
mission, providing triage information, monitoring for anomalies, predicting problems before they occur,
and providing resolutions to solve issues or act autonomously when needed (e.g., when the staff is not
able to respond).
3.4.1.2 Communication
In the context of long-term missions involving humans, the use of surface communications and
Earth-based communications from the previous phase is vital. Looking forward, with the likelihood of
scientific missions being conducted on the far side of the Moon, the need for a relay satellite becomes
evident. Phase 1 addresses this with the presence of a single relay satellite placed in L2 Halo orbit.
However, the need to scale the capability and number of relay satellites within low lunar orbit is a direct
result of the increase in activity within the basic operations phase.
As for point-to-point lunar communications, initial development of Moon ground stations would take
place in preparation for the future larger scaled settlements. This addition to the existing
communications infrastructure would allow large amounts of continuous data transfer, even if the Earth
is not in a direct line of sight, and would continue to expand the infrastructure for a future lunar society.
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3.4.1.3 Navigation
Phase 4 includes crewed missions (6 to 10 astronauts) on the lunar surface to perform scientific
experiments that should last no longer than 180 days. For this purpose, the expansion to the navigation
system described in Phase 3 and the ground-based lunar navigation system mentioned in Phase 1 are
sufficient to guarantee the accomplishment of both human and robotic activities on the Moon. The
implications are that the cost associated with multiple satellite launches and station keeping of those
satellites once in orbit would be high.
3.4.1.4 Transportation
Low Lunar Orbit Transportation
While a permanent human presence underlines this phase, the need to rotate crews and personnel is
still required. Therefore, the transportation system for humans outlined in Phase 3 would still be in use
during this basic operations phase. However, these modes of transportation require the vehicle to carry
enough fuel to land and leave the surface. To make the process more sustainable, implementing in situ
fuel generation is required (Zubrin, 1994), which relates directly to Goal 9: Sustainable Transportation
and Goal 14: Sustainable ISRU. Propellant, in the form of hydrogen and oxygen, shall be synthesized
from lunar polar ice caps to address this need.
Surface Transportation
With the presence of extended exploration missions, concepts of an electrically powered bus, with a
pressurized operations cabin capable of accommodating up to two people, have been proposed. The
bus is designed to have threaded wheels which handle the abrasive nature of the lunar dust and regolith
(ASI, 2007). In addition, with mining operations being conducted to sustain the habitat in terms of water
production and propellant, transportation of lunar resources from mining locations back to base is
critical. Implementation of similar electrically powered buses with cargo bays for resources would meet
the previously stated need.
3.4.1.5 In Situ Resources
With the entirety of the infrastructure already setup, the use of lunar resources during this basic
operations phase primarily serves the purpose of sustaining a permanent human presence with a
secondary commercial focus.
The primary focus includes the extraction of water from lunar craters. Other means of obtaining water
beyond the mining of water ice while on the Moon include extraction from the lunar regolith (Arregoitia,
et al., 2007). Methods of extraction involve heating the regolith to force the water to evaporate and then
condense back into the liquid state. Processing of lunar materials for the previously mentioned
purposes shall occur in the vicinity of the habitat to allow optimal access to liquid water and provide
refueling capabilities to transportation systems.

3.4.2

Phase 4 Governance

From Phase 4, the activities on the Moon expand beyond habitation development and pivot towards
sustained activities over longer durations of time. Global governance would be required to ensure these
new activities, carried out by groups of people, are, where appropriate, following International Law on
Earth; including ensuring that the Moon is used exclusively for peaceful purposes (including
non-weaponization, a ban on military installations, as per the Moon Agreement, and ensuring actions of
a non-aggressive nature).
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The ISS serves as a good analog for the scale of operations on the lunar surface in Phase 4, with 6-10
people working across a range of activities, including lunar geology sampling and analysis, radio
astronomy on the far side of the Moon, lunar mining, and other activities. With the analogy of the ISS
being a recurring theme for this phase, its governance methods could also be adopted. Here, the
signing of an Intergovernmental Agreement (IGA) in 1998 by the fifteen governments laid the
foundation of how decisions would be made. The agreement stipulates that ISS partners may extend
their national jurisdiction onto their respective elements of the station (ESA, 2019d). In essence,
whatever elements are registered to the state, are controlled by the state. Locations and areas of
overlap that exist are decided upon jointly by the members involved. A similar approach and ideology
would extend to a multinational lunar base. However, the inclusion of private companies, who
technically fall under the jurisdiction of their registered state, would require a unique approach to this
government level agreement.
Active governance involves describing in detail the agreed roles and responsibilities of all space actors
and establishing a management structure to control and govern the activity, while continued global
governance helps uphold policies aimed at guiding best practices in the sustainable use of the Moon
and cislunar space.
3.4.3

Phase 4 Human Factors

With the current phase revolving around the extended presence of people on the lunar surface, and
considering the harsh environment of the lunar surface, the human element becomes a crucial
operational aspect. This section addresses the necessary changes in life support systems, medical
procedures, and physical training required for successful completion of the phase.
3.4.3.1 Life Support
Partially Closed-Loop Life Support Systems
Unlike the short-term duration missions conducted during Phase 3, which carried enough food, water,
and oxygen to conduct the mission, the basic operational phase would require a transition from this
open-loop life support system to a semi-closed-loop-life-support system (SCLLSS). Here the goal is to
replicate the life support standards seen aboard the ISS today. The ISS nearly has a 95% closed-loop
capability for certain necessities by implementing a variety of methods of recycling waste products of
one process back into another (Damann, 2018a).
The capability of surviving in pressurized modules started in Phase 3. Unlike the Phase 3 astronauts
who were confined inside their lander modules. EVA suits and vehicles with the Portable Life Support
System (PLSS) will be largely used for outpost activities.
As an analog, the ISS uses ESA’s Advanced Closed Loop System (ACLS), a two-meter tall rack, that
traps carbon dioxide from the breathable air and processes it in a Sabatier reactor to create methane
and water. Phase 4 would rely on this technology to permit the survivability of the crew during the
mission. The system is only a èartially Closed-Loop Life Support System, and it is not capable of
providing nutrition, but it represents the way forward for the next phase of the Roadmap (ESA, 2018).
External Stressors
There are a number of overlapping stressors which are important to consider for long-duration living in
space environments, particularly the Moon (Benaroya, 2018). These include
1. Physiological: Radiation, lack of natural time parameters, impacts to circadian rhythms, limited
exposure to sunlight based on the lunar orbital period, ⅙ gravity.
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2.
3.
4.

Psychological: Isolation, mission demands, limited hygiene, interpersonal tensions, social
conflicts.
Mission Factors: High workload, limited resources and communication, food limitations.
Habitability: Limited privacy, constant noise/vibration.

For individuals staying for long periods, the above aspects are crucial to addressing in order to
maximize crew productivity and overall mental well-being.
3.4.3.2 Medical Capabilities
Due to the isolated nature of an operational lunar base, having robust medical capabilities is important
for the successful development of this phase. With a comparison to the modern-day ISS, ⅓ of the crew
goes through 34 hours of medical training (Zhang, 2016). Familiarity with: Cardiopulmonary
Resuscitation (CPR), vascular access, and intravenous (IV) fluid infusion is required. Similar standards
shall be employed for the crews during this phase. Furthermore, gravity is known to affect the
presentation, diagnosis, and treatment of illness that may arise (Grenon, et al., 2012). Therefore,
anticipating the effect of hypogravity on any potential diagnosis and treatment is essential.
Updating the medical tools and procedures is not enough to sustain a long-term healthy crew. The
prolonged exposure to the hypogravity environment of the Moon brings similar concerns to those that
are seen on the ISS. As such, incorporating regular exercise into the work of astronauts helps them
combat the potential of bone loss and muscle atrophy. However, with the Moon providing around ⅙ the
gravity of Earth, the long-term effects seen will be less severe as those seen in the microgravity
environment of the ISS (Damann, 2018b).
3.4.3.3 Cultural Aspects
Workplace Expectations
Unlike the previous phase, where astronauts were spending limited time on the Moon for exploration
purposes, this phase involves long-term habitation. As such, when one lives and works in space, in a
consistent environment, factors of culture and work expectations emerge. Implementing a schedule
becomes crucial to balance the work expected of the crew and their daily lives which contribute to their
mental health and ability to perform tasks. The mentality of staging the working period to best fit the
capabilities of the crew, as is currently done on the ISS, and the needs of the mission is of greater
importance than finishing the mission on schedule (Damann, 2019).
Cultural Challenges
During this phase, the initial crews may be able to overcome cultural barriers, as the priority in
professional teams would likely be “getting the job done.” Extra steps may be taken that focus on the
individual, such as cultural competence workshops and selecting astronauts by their amiability and lack
of ethnocentrism (Burke and Feitosa, 2015). However, there are no current practices in place that would
guarantee that all space-faring nations would adhere to the same selection protocols (Landon, et al.,
2016). Therefore, new tools being explored, which could create frameworks to ease cross-cultural
teamwork (Heimbüchen, 2008). Although these have not yet been implemented in isolated
environments which simulate spaceflight, it has been shown that people are unable to act agreeably for
long periods in isolation. Therefore, additional measures in selection and training may be important
considerations for smooth intercultural interactions (Rai and Kaur, 2012).
3.4.4

Phase 4 Summary

The Basic Operations phase focuses on conducting scientific missions and long-term testing of life
support systems for a future human society. The use of previously established habitats plays a crucial
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role along with the existing power infrastructure, such as solar photovoltaic cells. The extension of this
to include thermal concentrated solar power addresses the power needs that were previously not met
during the lunar night. Existing frameworks of communication provide the link to successful mission
operations on the lunar surface and for relays back to Earth. Continued use of the existing navigation
system for astronaut surface navigation will meet the needs of extended missions.
In orbit transportation will utilize the existing lunar ascent element, while the inclusion of alternative
surface transportations such as rovers and electrically powered buses provides direct access to the
crew of remote areas. Finally, mass mining of polar ice and the collection of lunar regolith to produce
elements such as liquid water and oxygen for habitat sustainability underly the entire basic operations
phase.
With a major focus on life support testing and technology development, the transition to partially
Closed-Loop Life Support Systems and the inclusion of advanced medical training and equipment is
essential for long-duration crews. An approach of detailed scheduling, frequent exercise, and balancing
work with personal life provides a smooth transition to the next phase, which focuses entirely on
sustainable settlement and living.
The presence of different nations conducting long-duration lunar missions with individual focuses
opens the need for legislation addressing the allocation of lunar space and resources. With this in mind,
collaboration among space-faring nations would allow cultural and technological growth for future
multicultural settlements. Furthermore, the operational framework to be implemented can mirror a
variety of existing structures (e.g., the ISS, Antarctic Treaty, or public-private consortiums). Future
settlements would likely expand upon these concepts and, in general scale, most operational aspects of
this phase would be able to accommodate a growing population.
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larger population and to incorporate facilities for advanced purposes. As in the previous phase, the
technological aspects are pulled from Airbus Defense and Space and NASA’s Lunar roadmap. The
operational requirements for this stage of the lunar settlement are shown in Table 3.10.
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Table 3.10. Overview of operational requirements for Phase 5

PHASE 5
INFRASTRUCTURE
Architecture
• Expanding the number of
existing modules on
station and their
habitability to
accommodate an increase
in human population.
• Potential construction of
launch facilities.
Power and Distribution
• Scaling of solar array
infrastructure and nuclear
fission reactors to
accommodate
requirements of the
settlement.
• Potential to transition into
33
He based nuclear fusion, if
technology is available.
Communication/Navigation

GOVERNANCE ASPECTS
• Level of governance
required for activities
could be a subset of an
existing body on Earth,
and an extension of
existing bodies.
• Potential for having a
new entity on the Moon
with greater transparency
of activities.
• Potential for the
establishment of an
equivalent to the United
Nations Security Council
for the Moon.

HUMAN FACTORS
Life Support
• Establishment of
Closed-loop life support
systems.
Medical Capabilities
• Medication for long
permanence on the
Moon.
• Emergency operations
assessment and
development.
• Establishment of in situ
medical operations.
Culture
• Expansion based on
Earth, with the inclusion
of religion, new societies,
and team models.
• Development of a lunar
societal culture

• Introduction of cellular
network concept for
communication among
inhabitants.
• Implementing a Lunar
Positioning System which
mimics Earth’s GPS/GNSS
capability and purpose.
Transportation
• Use of Lunar railways.
In Situ Resources
• Increased scale of
operations to
accommodate the growing
need of resources and
establishing a commercial
fuel market.
3.5.1

Phase 5 Infrastructure

This phase is driven mainly by the increase in scale of the infrastructure already developed in the
previous phase. The goals are to increase the capabilities of power and distribution, communication,
navigation, transportation, and habitation to ensure the demand requirements for this larger base are
met.
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3.5.1.1 Architecture
Habitation Module
During Phase 5, the lunar base will continue to grow, and develop into a settlement. The settlement will
be populated by employees, mission operatives, and resident who have potentially chosen the Moon as
their home. Additionally, as this phase progresses, the possibility of children being born and raised on
the Moon becomes an critical scenario to consider. This would require several considerations and
studies about the effects of hypergravity on development, but must be investigated as humans shift
towards permanent lunar settlement (NSS, 2018). The increased growth of the settlement population
will increase the demand for habitable modules. Hence, technologies such as rigid modules, inflatable
and deployable/expandable modules or regolith 3D printing (mentioned in Phases 2, 3, and 4) will be
refined, improved, and duplicated to support a larger settlement, in keeping with sustainable goals
(detailed in Section 4: Lunar Sustainability Goals).
Beyond the Moon
A well-established lunar settlement could be able to take advantage of the hypogravity environment on
the Moon, allowing launches at lower costs and with higher performance than those from Earth; letting
humans to travel further within the solar system and arrive faster. This could eventually lead to the
possibility of settling other celestial bodies, specifically but certainly not limited to Mars. The orbital
platform started in Phase 3 would acts as supporting infrastructure for additional missions to the lunar
surface and beyond (ESA, 2017).
3.5.1.2 Power and Distribution
The growing rate of people, systems, and power dependent activities will determine the needed size of
power production, distribution, and storage needs. Fusion can produce energy at a ratio of 100:1
(output:input) (Navratile, 2017). The theory is simple, but one needs to recreate the conditions of a star,
and the confinement of the plasma requires a lot of energy, but should still require less than the energy
output in order to be economically viable. Lockheed-Martin recently patented a Compact Fusion
Reactor (CFR), which could be a promising technology for supporting this phase of the roadmap.
The abundance of Helium 3 on the Moon makes it an ideal source for nuclear fusion (Johnson, et al.,
1999). Fusing Helium 3 atoms to Helium 4 is pollution-free. The expected massive amounts of Helium 3
on the Moon is viewed as a game-changer in energy supply (Dobransky, 2013). It is difficult to predict
when Helium 3 can be used economically in a repeatable fusion process. Recent breakthroughs
generate new hope that the timeline shifting problem will be solved soon.
3.5.1.3 Communications
Preserving stable communication between the lunar base and within the settlement itself is paramount
for this phase to achieve the goals asserted; Moon ground stations shall be further developed at this
stage, enabling a more comprehensive communications line of sight (Coutinho and Welch, 2018). In
addition, a Moon network communication system similar to a cellular network concept shall be
considered (Coutinho and Welch, 2018). Vodafone Germany and Nokia have proposed enabling a 4G
network on the lunar surface. This would represent a milestone for providing a stable surface
communication network and could help the operations during this stage of the lunar base (Vodafone
Group, 2018).
As for Earth-Moon communications, the development and usage of Laser-Based Communication
Systems could be beneficial at this stage, as the need for increased data transfer is likely to occur. In
2013 NASA accomplished, with the Lunar Laser Communication Demonstration (LLCD), a first two-way,
high data rate laser communication from lunar orbit, which achieved significantly higher data rates than
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traditional RF systems (Kuroda, et al., 2014). This technology will undergo further testing in 2019
(Mohon, 2018).
3.5.1.4 Navigation
The navigation systems proposed in the previous phases would not be sufficient to guarantee
connectivity conditions within daily life similar to those present on Earth to lunar society, and would
need to be expanded. Therefore, the establishment of a proper Lunar Navigation Satellite System
(LNSS), e.g., the lunar equivalent to a Global Navigation Satellite System, in orbit around the Moon could
be necessary.
An alternative approach that could be implemented when Phase 5 begins is the Lunar Positioning
System (Batista, et al., 2012). This includes a constellation of 16 CubeSats orbiting the Moon along two
inclined circular orbits at an altitude of 33,400 km from the lunar surface, with an orbital period equal to
that of one-fourth of a lunar day. Such an LNSS would provide good accuracy for position, velocity, time
determination (PVT), considering that the minimum number of visible satellites to provide global
coverage of the Moon at that altitude is only four. The choice of a non-lunar-synchronous orbit, which
would reduce the relativistic errors and the number of required satellites, is justified by the fact that this
orbit would be too high above the L1 Lagrangian point, causing the CubeSats to be pulled back by the
strong Earth’s gravitational field.
Moreover, although the cost associated with placing CubeSats into orbit is much lower than most
normal-sized satellites, these small satellites require a much smaller atomic clock. Recently, there have
been some technological advancements towards chip-scale atomic clocks (CSAC), and it is very likely
that there would be further improvements until the beginning of Phase 5 (Batista, et al., 2012).
3.5.1.5 Transportation
With Phase 5 addressing the establishment of a lunar society, the focus of transportation shifts from an
exploration purpose to a lifestyle and cost effective purpose. To accommodate the growing number of
passengers traveling to and from the Moon, it is anticipated that large amounts of fuel production
would be established on the Moon by this time. However, all examined roadmaps referenced in the
Roadmap introduction failed to address establishing the capability of managing and storing large
amounts of cryogenic fuel on the surface of the Moon for long periods. Furthermore, the need for
advancement in rocket technology to utilize other alternative in situ resources as propellant is
necessary to maintain the sustainability of lunar resources, in line with Goal 14: Sustainable ISRU.
Surface Transportation
Similar to previous phases, establishment of a community on the lunar surface would require methods
of commuting from one location to another. As such, the settlement would require a more
sophisticated surface transportation system than seen in previous phases to enable comfortable
movements between the facilities.
The use of Lunar Roving Vehicles, briefly described in Phase 4, would not be sufficient for this purpose.
However, the concept of an electrically powered bus, already described in Phase 4, could be adopted
during this phase and scaled appropriately to accommodate more people. Additionally, if an electric grid
is secured in the settlement, there would be the opportunity to implement a lunar railroad (Schrunk, et
al., 2007). While wheeled-based transport has advantages of mobility, a railway system is more energy
efficient (Bernold, 1994), but requires more initial investment in infrastructure. It is also a more versatile
method of transportation since more compartments could simply be added to accommodate a larger
number of people or cargo. A similar concept of a fixed destination transport includes lunar cable lifts
(Bernold, 1994). This system includes the advantages of the railway concept, but without the
engineering difficulties of accommodating the large thermal expansion of rails that would be
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experienced on the lunar surface and avoids dust storms caused by traveling close to or on the lunar
surface. Overall, implementing any of the above methods of surface transportation would mitigate the
use of lunar resources, assisting the sustainability of a settlement.
3.5.1.6 In Situ Resources
Phase 5 will progress the utilization of lunar resources in the same way as the basic operations phase.
However, with the increasing number of base inhabitants, the lunar regolith mining efforts should be
expanded to meet the architecture and life support material requirements. Furthermore, to procure
more hydrogen for the anticipated commercial fuel market demand, lunar ice water mining could be
enhanced. To address the transportation needs of this phase, resources could be used to construct
landing pads, roads, and railways.
3.5.2

Phase 5 Governance

During Phase 5, the demands on governance go beyond global governance on Earth to communicating
activities and basic local operational governance on the lunar surface. As the population on the Moon
grows, and the durations of visits to the Moon progress from months, to years, to even permanent
habitation, the system of governance required to manage an evolving settlement and society could far
exceed the demands of anything beyond Earth.
The level of governance required for potential Phase 5 activities, which extend far beyond the basic
operations supporting scientific endeavors in Phase 4, could be a subset of an existing body on Earth,
and an extension of the bodies such as the United Nations General Assembly (UNGA) and UNOOSA.
However, as the settlement grows and more actors venture to the Moon, an interesting question will
arise as to whether the population on the Moon is viewed as a subset of the population of the Earth, or
whether, over time, they become their own society of people. It might be that if / when the population on
the Moon evolves to have its own cultures, activities, habits, and local laws inevitably, then an argument
for having a new government entity on the Moon, with greater transparency of activities and customs,
becomes compelling.
The self-proclaimed Kingdom of Asgardia, “home” to 280,000 citizens, offers an interesting example of
the limitations in existing international legal frameworks for the Moon. The objective of Asgardia is to
use the principles of international law to become the first space nation in history. Asgardia has even
applied to become a member of the UN (Asgardia, 2017). In international law, a State is constituted of a
population, a territory, and effective governance. Once these elements are identified, it only needs the
recognition of other States (the UN is an organization of States) to become a fully independent actor of
international law. The case of Asgardia is of interest when thinking of a lunar base as the settlers could
have a similar approach to independence and appropriation of the Moon territory. Asgardia already has
a population, and a form of effective governance. It plans to launch a space station that would then
serve as its territory and allow it to complete the list of elements necessary to be recognized as an
actual state (Asgardia, 2017).
A population on the Moon, whether it evolves to become a State of its own, such as the aims of
Asgardia, or even more drastically, its own entity outside of international law altogether, could have
some practical justifications. As of today, the liability for space objects and activity rests with the state
of registration. This means that current breaches of international law land squarely at the states level.
However, once activity becomes organic on the Moon, it may not be feasible, let alone suitable, to lay
responsibility at states on Earth for activity organically created on the Moon.
One approach to govern the growing number of people and activities on the Moon and in Phase 5 could
be to create a separate governance entity. This could be in the form of establishing an equivalent to the
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United Nations Security Council, to bring control and order on the Moon, and to create policy and
recommendations that members should abide by similarly to the function of the United Nations General
Assembly on Earth today. It’s worth noting that the Moon could also have dedicated local law
enforcement agency.
3.5.3

Phase 5 Human Factors

To support the growing population of lunar residents, medical support would be provided widely, and
combined with procedures to guarantee safety of human health. Here, LSSs and medical capabilities
are addressed together with the cultural aspects that could evolve during the development of a
settlement.
3.5.3.1 Life Support
Closed-Loop Life Support Systems
A critical requirement to sustain the population growth that will occur in this phase is establishing a
Closed-Loop Life Support System (CLLSS) to provide the essentials for the human life without the help
of any terrestrial input. This would become increasingly important as the lunar settlement population
grows. Most of the examined roadmaps listed in Table 3.1 in the introduction to the Roadmap Section
do not contain fully developed CLLSS. Airbus, the Global Exploration Roadmap, and the National Space
Society specifically emphasize the importance of evolving a settlement to become self-sustaining.
A fully CLLSS will be required in order to continuously produce human life requirements, such as
oxygen, food and water, while recycling waste products to be used as inputs in the production of these
life supporting requirements. One example project in this field of CLLSS is the Micro-Ecological Life
Support System Alternative (MELiSSA), shown in Figure 3.11.

Figure 3.11. MeLISSA loop diagram (ESA, 2015)
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By adopting a waste recycling compartment and a plant compartment, the MeLISSA loop is aimed to
convert organic waste into oxygen and nutritive biomass. This scheme represents an advanced life
support system currently being worked on by ESA, with the potential of providing a solution for
permanent human habitation on the Moon (Hendrickx, et al., 2006).
3.5.3.2 Medical Capabilities
Extended habitation in the lunar base could have implications for the human body, even if medical care
and support is provided effectively. Preventative measures, inhabitant selection processes, and
emerging advanced medical capabilities are mandatory for the existence and progression of a full scale
and growing human settlement.
The rising population and longer on-site presence increases the likelihood of health issues during this
phase, caused by lengthier exposure to the harsh elements of the lunar environment such as radiation
and hypogravity conditions. The population growth will also lead to a mounting transmission of
pathogens as well. Therefore, on site clinical and medical expertise is critical to avoid emergency flights
to Earth, requiring valuable time and snowballing cost . Ground-based telemedicine and telesurgery are
insufficient for this phase because of to communication latencies. Hence, on-site diagnostics, urgent
treatment, preventative medicine, and a variety of pharmaceuticals must be available on the Moon
during this phase and should include capabilities such as laboratory analysis, surgery, dentistry,
sterilization, antibiotic treatment of infectious disease and mental health interventions, as well as
simple clinical check-ups for inhabitants (Stewart, Trunkey and Rebagliati, 2007).
3.5.3.3 Cultural Aspects
During this phase, it is reasonable to expect that a unique lunar culture could be established, as has
been the case with other isolated communities, such as Antarctica and the ISS. While lunar culture will
be emerging during previous phases, including the Earth-bound culture of those working on lunar
projects, or mission specific culture of various mission teams, this phase and beyond could contain
new religious interpretations (Section 2.4.1.4), new social norms influenced by lunar environment
enabled technology (Section 2.2.1.1), new teamwork models (Section 2.6.1.2), which is further
expanded upon in Section 3.5.4, and new artistic pastimes (Section 2.4.1.2). As the lunar settler
population grows, the importance of and market for lunar activities, such as entertainment, education,
and tourism, could also increase as well (Section 2.1.1.2). As this phase progresses, it may also be
important to consider the rights and liberties of the future inhabitants of the Moonbase, and what
constitutes their rights to return to Earth (Denning, 2018). However, unlike the other phases and
subjects in the Roadmap, both Phase 5 and “cultural evolution” are more difficult to define and quantify.
One example of a unique cultural evolution that could occur within the lunar settlement concerns
cyber-physical, human-robotic systems. These mission enhancing systems, currently under
development and rationalized in Section 2.2.1, could be well established during Phase 5 and could
create new cultural norms. New norms, such as the increased cultural acceptance of robotic wearables
on the lunar surface (similar to how ISS has unique cultural acceptance of the interactions between
astronauts and its systems), could emerge from the substantial benefits achieved in improving the
alignment between people, processes, and platforms on the Moon. This acceptance of long-term,
cyber-physical, human-robotic interactions on the Moon could eventually create cultural change, or even
a cultural divergence with Earth, in the same way as Industry 4.0 in Germany, Society 5.0 in Japan, and
the Internet of Everything in the US (National Science Foundation, 2010; NASA, 2015d).
To address these cultural changes, several Lunar Sustainability Goals, specifically Open Access,
Diversity and Opportunity, International Cooperation, and Standardization, are proposed and described
in Section 4. Collectively, these goals work towards providing opportunities for a sustained international,
intercultural presence on the Moon, in line with the vision of the Moon Village Association. It is
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imperative that the biases and prejudices present in Earth society do not translate to the lunar context,
which would only be accomplished with active shaping of future lunar culture by space actors. This is
what these goals hope to address. To achieve this requires ensuring access to the developing
technologies and services that will shape the future lunar culture.
As described in Section 2.1, the space sector is transforming into a field with significant participation
from both government agencies and commercial new space startups (Diamandis, Richards and Pelton,
2018). Jones (1985) postulates that whoever develops a lunar base, be it scientists from a government
agency or other actors, must plan accordingly to smooth the transition from a purely scientific outpost
to a self-governing body, to reduce the risk of repeating historical mistakes with the transfer of
governance that have occurred on Earth. The establishment of a new lunar culture, which is based in
services, human-robot interactions, and reinterpretations of cultural systems on Earth, would require a
uniquely adapted governance system, as was discussed in Section 3.5.2.
3.5.4

Phase 5 Summary

The Settlement phase represents the completion of the whole lunar Roadmap. It symbolizes the ending
of the evolution of lunar settlement, as depicted in this paper, with the population on the Moon capable
of leading comfortable lives as we know today on Earth within the limitations of the Moon’s
environment.
The essence of this stage of the settlement is to extend the boundaries of the settlement, both in terms
of the territorial borders and, in terms of the technical capabilities.
Habitable modules increase in quantity to host a larger population. Likewise, power will be supplied in
greater quantities. Communication systems will be enforced and an efficient transportation system will
provide access with ease to all facilities. The implementation of a Lunar Positioning System (LPS)
provides the extended coverage necessary for far-side lunar exploration missions as well as set the
foundation for positioning system of the lunar settlement.
On the other hand, this phase entails the possibility of exploring technologies that have never been
applied. The LOPG will provide the opportunity to expanding humanity throughout the solar system and
beyond, while also supporting the ferrying of humans to the lunar surface or to the Earth.
Life support represents a crucial section of this phase. The feasibility of closed-loop systems is a
milestone for the Roadmap, since it would provide the opportunity to humans to live without resupply
from Earth. In addition, sustaining the lunar population with health and safety requires medical
capabilities, to avoid emergency returns to Earth and operate on-site. Furthermore, at this stage, lunar
culture could expand to include new religion, new team models, and new societal norms that evolve
around the interaction between people and the lunar settlement systems, which could be influenced by
cyber-physical, human-robotic interfaces will likely influence these.
Finally, the internationality of this settlement invites interested organizations to collaborate for the
sustainability of the mission. Cross-cultural mitigation could play a critical role for the diverse lunar
population, while global partnerships would be recommended for effective economic sustainability.
Governance of activities within the lunar settlement could become a branch of an existing body on
Earth. Moreover, there could be potential to synthesize new entities to ensure greater transparency of
activities, unique to the Moon, based on the actors present. Since the Moon would be largely
independent by this phase, development of a Security Council, like the United Nations, could be
established to create and enforce its policies and lunar laws.
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3.6

Conclusion

After assessing the various lunar-centric roadmaps that have been published by various parties, a
consolidated version has been created. This consolidated roadmap consists of five phases, namely:
robotic surveillance, infrastructure preparation, habitat development, basic operations, and lunar
settlement. The fundamental purpose of each phase has been presented with their predicted timelines
and durations derived from existing, publicly available roadmaps. Operational details stipulating the
technical aspects required for successful completion of each phase have been presented. These
include prerequisites concerning: infrastructure, human factors, and governance aspects. The relevance
of various prerequisites to each phase are outlined in the timeline shown in Figure 3.12 below. This
timeline illustrates the activities present within each phase, and is inspired by the existing roadmaps
presented in the introduction to this section. From this figure, it is clear when exploration stages phase
out, and the settlement aspect phase in, and more operational requirements are necessary.
In conclusion, multiple companies, agencies, and organizations are developing long term plans for lunar
settlement for scientific, commercial, and explorational rationale. UN COPUOS and the Secure World
Foundation (SWF) have established a set of goals for long term sustainability of outer space activities.
The guidelines are voluntary and serve as a framework which nations can incorporate into their national
legislation. However, as highlighted in this consolidated roadmap, improved specificity for developing
lunar sustainability should be considered. Therefore, the following section outlines Lunar Sustainability
Goals which have been developed that can overlay onto existing roadmaps and serve as a
supplemental framework towards guiding lunar activities for private companies, space agencies, and
organizations with long term plans to visit the lunar surface.
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Figure 3.12
Overview of operational requirements
for the consolidated roadmap

LUNAR
SUSTAINABILITY
GOALS
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Building on the rationales presented in Section 2, and the five phases of the Roadmap presented in
Section 3, here we present our 15 Lunar Sustainability Goals that outline how space actors can
incorporate sustainability into lunar missions to ensure a long lasting benefit for Earth, and a
continuous presence on the Moon and other celestial bodies. The goals are shown below.
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Our approach to sustainability follows in the footsteps of the United Nations Brundtland Commission
that defined sustainability as “meeting the needs of the present without compromising the ability of
future generations to meet their own needs” (UN, 2019). Developed for Earth, this definition mirrors the
objective of our Lunar Sustainability Goals to extend sustainability efforts and practices on Earth to the
Moon. This is particularly relevant when considering the evolution of a lunar base that will not only need
to build upon the lessons learnt from Earth, but also offer opportunities and insights into how to
improve life on our planet.
The Lunar Sustainability Goals set out in this report are intended to serve as a framework for all space
actors, and should be used as guidelines that all lunar and cislunar space activity should consider.
Inspired by the UN SDGs on Earth, these goals aim to address sustainability challenges before they
become critical. In areas such as Space Debris Mitigation (Goal 11) these issues are already pressing
concerns for policy makers and all involved in the space sector. For other goals, our target is to use our
experience from the evolution of activity on Earth, particularly regarding our impact on the environment,
to promote good behaviors in the use of the Moon.
Our main driver behind creating the Lunar Sustainability Goals was to shift the discourse about the
Moon towards sustainability and to create a framework that people could use and evolve overtime.
Therefore, inline with this intention, our framework is made publically available and we invite people
from all over the world to work with us to suggest additions and improvements. The Lunar
Sustainability Goals can only achieve their target of helping drive the agenda of sustainability for space
if they are adopted universally. In order to achieve this, we invite you to help us create goals that reflect
the interest of all humanity by visiting our website and making your suggestions at:
www.sustainablemoon.com.
For every one of our Lunar Sustainability Goals, a series of targets and drivers have been developed in
key areas that must be addressed to make progress towards achieving the goals. The targets serve to
expand key themes of the goal, define what needs to be addressed, and allow for simultaneous
progress to be made in different areas relating to each goal. Each target is accompanied by a number
of drivers, which set out how progress can be made towards achieving each subset of the goal.
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Goal 1: Open Access
Goal 1.

Open Access

Ensure access to the Moon and cislunar space is open to all States, actors, and activities.

Ensure access to the Moon and
cislunar space is open to all States,
actors, and activities.

Goal 1 aims to keep the Moon open to a wide range of actors conducting various activities, with
associated targets and drivers listed in Table 4.1. This involves ensuring fair access to the lunar surface
and resources, encouraging international cooperation, and promoting compliance with international law
for all lunar activities. However, even though many Treaties uphold the right to access, no tailored plan
exists yet for ensuring Open Access. In order to establish a sustainable lunar base which benefits all
humankind, access to the lunar surface by any law-abiding actor must be allowed and encouraged to
ensure that the interests of all groups are represented.
●

●

●

According to Article 1 of the Outer Space Treaty, OST, outer space shall be free for exploration
and use by all nations. The countries that have signed and ratified the OST are shown in Figure
4.1.
The Moon Agreement aimed to establish allowable uses of lunar resources that would be
handled by an adequate organization, similar to the functioning of the International Seabed
Authority. However, at the time of its creation in 1979, it was not ratified by any space faring
nation. Figure 4.2 shows the current levels of commitment to the Moon Agreement.
While the Moon is supposed to be accessible to all, space is a cost-prohibitive venture which
prevents developing countries from going to the Moon. As of 2019, 12 people walked on the
lunar surface; all American men (Atkins, 2013).

Figure 4.1. Countries that have ratified the OST are shown as member states (green), signatories (yellow), and
non-members (red) (Ormsbee, 2017)
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Figure 4.2. Countries and their various levels of commitment to the Moon Agreement (Born for Space, 2013)
Table 4.1. Targets and drivers for Goal 1: Open Access

Targets

Drivers

1.11

States should ensure that the activities carried out on the
lunar surface by entities under their responsibility do not
prevent other States from accessing and utilizing all areas
of the Moon, including areas of significance such as
craters, lava tubes, the poles, etc.

1.12

States should ensure that all States are granted free
access and utilization of the Moon according to the Outer
Space Treaty.

1.13

All States must abide by the Outer Space Treaty and
comply with United Nations space related policy.

1.14

Ensure the inclusion of emerging space nations and nonspacefaring nations in the development of space
missions.

1.15

Promote coordination and collaboration among space
actors with regards to the use of Lagrangian points and
cislunar space.

1.16

Ensure States have fair access and opportunities
concerning frequency allocation.

1.17

Establish perimeter guidelines to ensure a standard of
non-interference for lunar activities.

1.18

Ensure the State of registration complies with the
responsibility it holds for its space actors and objects,
according with applicable law.

1.21

Encourage Public Private Partnerships.

1.22

Encourage innovative approaches and standardization in
access to the Moon.

Ensure access to the
1.2 Moon is not restricted to 1.23
States.

Encourage States to allow space activities undertaken by
non-governmental entities, provided that the activity is in
accordance with the Outer Space Treaty.

Ensure States are
1.1 granted open access to
the Moon and cislunar
space.

Use of the Moon should
1.3 be open to different
activities.

Goal 2.

1.24

Develop State funding opportunities to support
non-governmental space entities.

1.31

Encourage initiatives encompassing a wide range of
activities beyond scientific research, such as, but not
limited to, arts, culture, exploration, and tourism.
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Ensure that the Moon and cislunar space are dedicated to peaceful purposes.

Use of the Moon should
1.3 be open to different
activities.

1.31

Encourage initiatives encompassing a wide range of
activities beyond scientific research, such as, but not
limited to, arts, culture, exploration, and tourism.

Goal
2: ofPeaceful
Purposes
the Moon should
GoalUse
2.
Peaceful Purposes

Encourage initiatives encompassing a wide range of
1.3 be open to different
1.31
scientific
research, such as, but not
Ensure that the Moon and cislunar space are activities
dedicatedbeyond
to peaceful
purposes.
activities.
limited to, arts, culture, exploration, and tourism.

Ensure that the Moon
Ensure that the Moon and cislunarand
space are
dedicated to peaceful
purposes.
cislunar
space
are dedicated
to peaceful purposes.
Goal 2.

Peaceful Purposes

Goal 2 ensures the Moon and cislunar space are used for peaceful and non-aggressive purposes, with
associated targets and drivers listed in Table 4.2. Peaceful use of the Moon is a vital prerequisite for
many of the other Lunar Sustainability Goals, such as Open Access and International Cooperation, and
will also set a precedent for peaceful relations between states regarding Earth. Increased international
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(UNODA, 2019). Although the TPNW wasn’t ratified by most nuclear armed States, these have
joined another form of international understanding with the Treaty on the Non-Proliferation of
Nuclear Weapons (NPT). The different levels of commitment to the NPT by various nations are
shown in Figure 4.3.
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Figure 4.3. The status of nuclear weapons in the world (ILPI, 2019)
Table 4.2. Targets and drivers for Goal 2: Peaceful Purposes

Targets

Ensure the Moon is used
2.1 exclusively for peaceful
purposes.

2.2

Drivers
2.11

Ensure non-weaponization of the Moon and cislunar
space.

2.12

Encourage States to ban the creation of military bases,
installations, or fortifications on the Moon.

2.13

Reaffirm the international principles of non-aggressive
interactions between States and of non intervention in
State affairs.

Use lunar activities as an
2.21
instrument for peace on Earth.

Encourage cooperation between States on space
endeavors in order to help achieve peace on Earth.
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Goal 3: Diversity and Opportunity
Goal 3.

Diversity and Opportunity

Encourage all lunar actors to commit to achieving diversity within their workforces in order to include the
perspectives and expertise of various groups, making the Moon the province of all humankind.

Encourage all lunar actors to commit to achieving
diversity within their workforces in order to include
the perspectives and expertise of various groups,
making the Moon the province of all humankind.

Goal 3 considers diversity as aiming for a balanced representation of men, women and
under-represented groups within the workforce. It also means empowerment and equal economic
opportunity across all groups. This will be reached by prohibiting discrimination based on, but not
limited to, gender, gender identity, race, culture, nationality, disability, sexual orientation, with associated
targets and drivers listed in Table 4.3.
On the other hand, inclusion, as a goal, relates to making sure that the workplace is designed for the
majority rather than the minority. Diversified workforces have repeatedly proven to be more creative,
sustainable, effective and performant; therefore, the development of a sustainable vision for a lunar
base should comprise of the most diverse pool of talents from all humankind.
●
●
●

●

As mentioned in Goal 1: Open Access, 12 people have set foot on the Moon. All of these
astronauts were white American men, and 10 of them served in the military.
Women are severely underrepresented in spaceflight, and account for only 11% of people who
have been to space, despite comprising slightly more than half the population worldwide.
The lack of female representation in spaceflight could make spaceflight technologies
unsuitable for women and put women’s safety at risk, as occurred with previous health and
safety tests on Earth that only considered men (Criado-Perez, 2019).
Minority groups are underrepresented in various roles, both compared to overall NASA
demographics and the wider US population (Table 4.4).
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Table 4.3. Targets and drivers for Goal 3: Diversity and Opportunity

Targets

Drivers
Encourage the creation of space policy on the subject of
3.11 gender equality and the inclusion of under-represented
groups.

Achieve diversity and inclusion 3.12 Encourage the use of female astronauts for future human
missions to the Moon.
3.1 within workforces related to
lunar activities.
Diversify the types of professions used in further Moon
3.13
exploration.
3.14

Encourage the inclusion of under-represented groups in
space activities.

Demonstrate leadership
commitment from lunar actors
3.2
3.21
to address diversity and
Encourage the participation of currently non-space faring
inclusion in their sphere.
nations in the development of space programs.
Promote education and skill
3.3 development in
under-represented groups.

Ensure that efforts are made
to address bias in scientific
3.4
data and increase awareness
of the dangers of bias.

Encourage outreach about space and Science Technology
3.31 Engineering and Math (STEM) towards underrepresented
groups.
3.32

Ensure that education and outreach on lunar activities
inspire diverse groups to engage in the space sector.

Ensure that technology development considers the wide
3.41 range of potential users during its development and
operation.
Encourage the development of comprehensive data sets
3.42 and revised standards in order to include
under-represented groups.

Table 4.4. NASA employees by Race, Diversity and Gender, 2017 (NASA Office of Diversity and Equal Opportunity,
2017)

Black

Hispanic

White

Male

Female

All NASA Employees

11.6%

7.8%

79.7%

65.8%

34.2%

All NASA Supervisory Employees

11.7%

5.5% *

75.6%

32.8%

5.8%

Senior Level and Senior Scientific
Employees

1.3% *

3.8%

86.3%

16.1%

16.1% *

Science and Engineering Employees

6.2% *

7.2%

76.6%

77.%

23.0% *

Professional Administrative Employees

22.0%

8.4%

62.3% *

42.7% *

57.3%

Federal STEM Workforce

10.1%

5.8%

71.9%

71.5%

28.5%

U.S. Population, 18+

12.1%

15.7%

64.3%

48.7%

51.3%

Comparison Populations

* Differences of 2% or more between overall representation and representation in the selected category
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Goal 4: International Cooperation
Goal 4.

International Cooperation

Foster international cooperation through partnerships and collaboration between diverse actors.

Foster international cooperation
through partnerships and
collaboration between diverse actors.

Goal 4 aims to bring nations together to cooperate on sustainable lunar settlement development, with
associated targets and drivers listed in Table 4.5. During the Space Race of the 1950s and 60s, space
was a venue for international geopolitical competition, rather than cooperation. This competition proved
unsustainable by changing political climates (Chaikin, 2007). Therefore, a sustainable, cooperative
approach would be needed for such a large-scale, long-duration project as a lunar settlement.
International cooperation should be promoted between all States aiming to develop lunar activities, but
also companies, international organizations, and Non-Governmental Organizations (NGOs) should be
involved. Above all, international cooperation is the key to long lasting peace.
●

●

●

●

Article III of the OST provides that State parties shall carry on activities in the exploration and
use of Outer Space in the interest of maintaining international peace and security and
promoting international cooperation and understanding.
The Hague International Space Resources Governance Working Group is a unique
contemporary step towards a different type of international cooperation. They have published
‘building blocks’ aiming to support and guide the development of an international framework on
space resource activities. These were developed in an open and cooperative manner, receiving
contributions from citizens, space agencies, governments, start-ups and NGOs (International
Institute of Air and Space Law, 2017).
Emerging space nations in South America, Africa, and Asia-Pacific face many challenges and
opportunities among which political instability, regional dynamics and their reliance on
international partnerships. Their need for remote sensing satellite programs is a prime example
of the challenges these countries face. Regardless of their space program development level
and capabilities, these nations all acknowledge the value of remote sensing satellite programs
to their development, and thus understand the negative consequence of lacking these
capabilities (Ansdell, López and Hendrickson, 2011).
As shown in Figure 4.4, Africa is the continent with the lowest number of Space Agency
capabilities. However, the African Union Commission recently issued a guiding framework and
key policy goals for African countries to develop their space activities. The policy addresses
issues such as developing the regional market, governance, management of space activities,
and promoting intra-Africa and other international cooperations (African Union Commission,
2017).
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Figure 4.4. Space agency capabilities by country (CSMonitor, 2017).

Table 4.5. Targets and drivers for Goal 4: International Cooperation

Targets

Drivers
4.11

Encourage the creation of joint lunar programs and
activities.

4.12

Facilitate the sharing of crucial information with regards to
ongoing and future lunar activities.

4.1 Cooperation and collaboration 4.13
between lunar actors.

Develop a framework for the sharing of scientific data with
regards to the lunar and cislunar environment.

Development of international
4.2 frameworks addressing
emerging lunar activities.

4.21

Address the need for an updated legal framework with
respect to the use of the Moon and cislunar space.

4.22

Develop policy to guide best practices in the sustainable
use of the Moon and cislunar space.

4.23

Focus on approaches to govern lunar activity in areas such
as resource utilization.

4.31
Active engagement of
space-faring nations to seek
4.3 out partnerships with
developing countries for lunar
4.32
activities.

Encourage States with advanced space capabilities to
actively support other States in developing their own space
programs.
Encourage the creation of joint programs that bring
together agencies, organizations, and universities of
advanced and developing space-faring nations to grow
new lunar industries.
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Goal 5: Education and Outreach
Goal 5.

Education and Outreach

Raise awareness of the importance of a sustainable approach for Moon activities and programs.

Raise awareness of the importance
of a sustainable approach for Moon
activities and programs.

Goal 5 seeks to promote education and outreach for environmentally and socially responsible future
lunar missions, with associated targets and drivers listed in Table 4.6. Promoting sustainable
development education in tandem with Moon activities will encourage current and future generations to
prioritize sustainability for space exploration and life on Earth. Outreach towards key actors to support
and promote these values will increase public engagement in protecting the Moon and following the
development of lunar activities.
●
●

●

Sustainability education has been shown to give students new perspectives, values, and
skill-sets that are necessary to foster sustainable societies (Laurie, et al., 2016).
As shown in Figure 4.5, the number of Ph.D. degrees earned in STEM increased following the
beginning of the Apollo program, and decreased once NASA’s funding and federal support had
been reduced (Collins, 2000).
These PhD recipients, many of whom are employed by the space sector, are now reaching
retirement, and may result in a loss of knowledge transfer with fewer replacements (Siegfried,
2003).

Figure 4.5. Correlation between PhDs earned in technical fields in the US and NASA's budget (Siegfried, 2003)
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Table 4.6. Targets and drivers for Goal 5: Education and Outreach

Targets

Develop public knowledge
5.1 and support of Moon
activities.

Drivers
5.11

Encourage the creation of a wider range of content aimed at
informing the general public about the implications of lunar
activities.

5.12

Encourage cultural institutions to foster public debate about
lunar activities.

5.13

Target key decision makers as instrumental actors in
gathering public support around the importance of
addressing lunar activities.

5.14

Increase awareness of the existence and work of
international organizations, including the Hague International
Space Resources Governance Working Group and UNOOSA .

5.21

Promote education on the lack of sustainable practices on
Earth, and the detrimental effects on society and the
environment.

Encourage active
5.22
engagement of the general
5.2
public in protecting the
Moon.
5.23

Further education
5.3 addressing lunar activities
and emphasizing the
importance of
sustainability.

Inspire future generations to get involved in lunar activities,
creating a common sense of belonging to the “Moon
generation.”
Raise awareness about the crucial role of the Moon in
regulating natural processes on Earth.

5.24

Increase awareness of the UN Sustainable Development
Goals for Earth and communicate about the Lunar
Sustainability Goals.

5.31

Provide for informal education activities involving schools,
academic institutions and universities with creative
approaches such as space camps, visits, art, and music.

5.32

Incorporate knowledge of lunar activities in school curricula.

5.33

Design education programs focused on space-related
science, sustainability and activities.

5.34

Promote academic programs that involve professionals from
disciplines non-directly related to space.
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Goal 6: Environmental Protection
Goal 6.

Environmental Protection

Ensure the preservation of the lunar environment.

Ensure the preservation
of the lunar environment.

Goal 6 aims to apply the concept of environmental protection to the Moon, to preserve the natural lunar
environment and to avoid unnecessary changes or thoughtless pollution, with associated targets and
drivers listed in Table 4.7. Most objects left on the Moon are now considered to be of cultural interest
for humankind, but an accumulation of these objects (Figure 4.6) could cause environmental disruption.
The Moon is an inherent part of Earth life, culture and landscape, but is also a valuable scientific site for
discovering more about the solar system, as discussed in Section 2.3. Therefore, protecting it should be
regarded as an endeavor complimentary to that of protecting Earth’s natural environment.
●

●

●

Many projects are being developed to implement mining activities on the Moon. These
activities entail an essential modification of the lunar landscape by removing, displacing,
modifying or dissolving regolith (Satish, et al., 2011). These activities will need to be monitored
carefully to avoid unreasonable damage to the lunar environment.
Humans have left more than 200 tons of waste on the lunar surface, which was mostly
produced by NASA, but also by the Soviet Union, China, India, Japan and ESA. The NASA
History Program Office has even gathered a comprehensive catalogue which reports that the
Apollo missions have left on the surface of the Moon: urine and feces; used wet wipes; empty
packages of food and 12 pairs of boots, to name a few (NASA History Program Office, 2012).
Contamination of otherwise pristine environments may create lasting consequences, as may
have occurred during the Viking 1 mission, during which it was thought that a contaminated
instrument produced inconclusive results (Levin and Straat, 2016).

Figure 4.6. One of many trash bags that were left behind during the Apollo missions (NASA, 2015f)
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Table 4.7. Targets and drivers for Goal 6: Environmental Protection

Targets

Drivers
6.11

Prevent
forward
and 6.12
backward contamination of
6.1
the lunar surface and of
astronauts.
6.13

Increase international involvement in developing and
updating planetary protection policies.
Commit to not launching Lunar programs that are
incompatible with COSPAR technical guidelines on
preventing contamination.
Commit to necessary testing in order to prevent forward and
backward contamination during human operations on the
Moon.

6.14

Commit to current and future safety procedures developed
by COSPAR for lunar sample handling.

6.21

Further develop the scientific understanding of the Moon in
order to ensure its adequate protection.

6.22

Limit the light and dust pollution resulting from lunar
activities.

6.23

Encourage lunar actors to commit not to use destructive
technologies to reach and utilize the lunar surface, including
hard landing transportation systems.

Preservation of the Moon’s
6.2 natural environment and
6.24
landscape.

Support the established recommendations developed by
institutions such as the ITU and Space Frequency
Coordination Group (SFCG) to protect future radio astronomy
applications on the far side of the Moon and regulate the use
of frequencies in space-related activities.

6.25

Increase international involvement in developing and
updating planetary protection policies.

6.26

Encourage the development of planetary protection policy
addressing the need for protecting the natural landscapes of
the Moon and other celestial bodies.
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Goal 7: Heritage Protection
Goal 7.

Heritage Protection

Ensure the preservation of heritage sites on the Moon.

Ensure the preservation of
heritage sites on the Moon.

Goal 7 seeks to preserve the natural, cultural, and scientific heritage of the Moon, with associated
targets and drivers listed in Table 4.8. The natural heritage comprises all-natural features of the lunar
surface. The cultural heritage entails the Moon’s societal significance and the space objects that were
sent to the lunar surface. Areas of scientific interest are mostly natural sites but can also be areas with
unique characteristics such as the Shielded Zone of the Moon (SZM). Protecting this heritage could be
achieved through the mapping, identification, and recognition of relevant sites. The establishment of
guidelines for their preservation could later be applied to other celestial bodies.
●

●

●

●

Starting in 1959 with Luna 2, there have been over 25 missions that have landed on the lunar
surface. The remnants of these missions can be considered heritage sites due to their
historical and cultural value. The localization of these missions is shown in Figure 4.7 (For All
Moonkind, 2018).
In 1972, the member states of the United Nations Educational, Scientific and Cultural
Organization (UNESCO) adopted the World Heritage Convention, which supports the
identification, protection, and preservation of natural and cultural heritage for its presentation
and transmission to future generations.
To include the Moon heritage sites in the convention, organizations such as “For All Moonkind”
have been working to include lunar mission landing sites. In January 2018, a draft resolution
with a program concept to identify heritage sites in space was submitted to the Peaceful Uses
of Outer Space Science and Technology Subcommittee of the United Nations for consideration.
The subcommittee did not reach an agreement, leaving the issue on hold (Hanlon, 2018).
There are areas of the Moon internationally recognized for their scientific interest, such as the
SZM, shown in Figure 4.8. This radio silent zone could be of great benefit for radio astronomy,
as described in Section 2.3.1. For this reason, the International Telecommunications Union
(ITU) therefore limited the use of active communications in this area (ITU-R, 2003).
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Figure 4.7. Lunar heritage sites (NASA/JPL-Caltech, 2013)

Figure 4.8. Illustration of the Shielded Zone of the Moon, protected from Earth interferences (ITU-R, 2003)

Table 4.8. Targets and drivers for Goal 7: Heritage Protection

Targets

Drivers
Ensure the preservation of cultural heritage sites on the Moon
7.11 such as the Apollo, Luna, Surveyor and Chang'e-3 mission
landing sites.

Ensure the protection of natural heritage sites on the Moon
7.12 such as its landscape, splosh craters, maria and
selenological development milestones.
Preservation of natural and
7.1 cultural heritage sites on
Promote cooperation between lunar actors to establish
the Moon.
7.13 guidelines for the protection and classification of sites of
scientific interest.
Undertake the mapping identification, recognition, and
establishment of procedures acknowledging internationally
7.14
endorsed sites of cultural, natural and scientific interest with
the support of the UNESCO World Heritage Center.
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Goal 8: Health and Safety
Goal 8.

Health and Safety

Ensure that missions to the Moon are undertaken with the highest levels of safety and that sufficient
astronaut rescue and emergency protocols
are inthat
place. missions to the Moon are
Ensure

undertaken with the highest levels of safety
and that sufficient astronaut rescue
and emergency protocols are in place.

Goal 8 addresses the safety and well-being of humans in space as a high priority for lunar actors, even
at the potential detriment of mission objectives, with associated targets and drivers listed in Table 4.9.
Ethical guidelines, including human rights, mission transparency for those involved, and sufficient risk
forecasting and planning, should be implemented to ensure that lunar missions are carried out in the
safest possible manner for all lunar visitors. Future lunar visitors will indeed not all be highly trained and
qualified personnel, considering the growing interest for space tourism. In order to achieve a
sustainable lunar settlement, human health and safety should be at the forefront of mission planning to
increase the probability of an overall state of wellbeing for those involved in travelling to, and living on
the Moon.
●
●

●

●

The Rescue Agreement (Figure 4.9) and the broader OST make no provisions for the rescue of
astronauts stranded on the Moon or in cislunar space (UNOOSA, 1967b).
During the Apollo missions there was no plan or protocol for rescuing the astronauts in an
emergency (UNOOSA, 1967b). On the other hand, a speech had been prepared for Nixon (Figure
4.10) in the event of a disaster.
Crew composition, working environment and variety of tasks are all factors that have an
increased influence on astronaut well-being depending on the duration of the mission. Ground
crews have also reported being negatively affected by flight crews’ low satisfactions levels
(UCSF, 2000).
Music has proven to be an easy but crucial tool to ensure astronaut well-being, productivity and
satisfaction during long-term missions (Michel Valencia and Damman, 2018).

Figure 4.9. Global map of the Rescue Agreement (UNOOSA, 2017). | Figure 4.10. Part of the speech prepared for
US President Nixon in the event of a Moon disaster (National Archives, 2016)
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Table 4.9. Targets and drivers for Goal 8: Health and Safety

Targets

Ensure that missions on the
Moon are carried out to the
8.1
highest level of safety
standards.

Ensure the rescue of
8.2 astronauts in the event of
emergencies.

8.3

8.4

Health and wellbeing of
astronauts on the Moon.

Drivers
8.11

Reduce the risk of medical emergencies in space and on
the Moon.

8.12

Ensure astronaut safety in transportation, regardless of
the competences and training of the crew.

Encourage further research on lunar environment and
8.13 space weather in order to ensure the safety and protection
of astronauts and facilities.
Commit to developing protective measures aimed at
8.14 limiting the health and equipment hazards related to lunar
dust.
8.21

Provide all necessary information about astronauts sent
to the Moon and cislunar space in order to facilitate their
rescue by any lunar actors.

8.22

Ensure adequate emergency protocols on Earth for
astronauts in both take-off and reentry.

8.23

Ensure the development of national and international
protocols and provisions for astronaut rescue from the
lunar surface.

8.31

Ensure astronauts’ general health during lunar missions,
including their physical, social, and mental wellbeing
through appropriate measures and support functions.

8.41

Commit to integrating ethical analysis into all lunar
missions, particularly those requiring human presence
on the Moon or in cislunar orbit.

8.42

Details of missions should be fully transparent to the
astronauts carrying them out to ensure their full consent
and compliance.

Ensure missions are
transparent and ethical.
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Goal 9: Sustainable Transportation
Goal 9.

Sustainable Transportation

Encourage the development of innovative sustainable infrastructure for transportation to the Moon and in
cislunar space.

Encourage the development of innovative
sustainable infrastructure for transportation
to the Moon and in cislunar space.

Goal 9 seeks to address the issue of sustainable Earth-Moon transportation systems, with associated
targets and drivers listed in Table 4.10. Many countries are preparing to go to the Moon, and it is
imperative to work together to define regulations and standards that will ensure fair, organized,
transparent and inclusive means of transportation. Once Earth-Moon transportation systems get more
complex, new control measures will be needed. This goal, is important to ensure future transportation
will support traffic control regulations and consider the sustainable use of lunar resources.
●

●

●

NASA is already making arrangements for its long-term plan to transport scientific payloads to
the lunar surface through the Commercial Lunar Payload Services (CLPS) program, which
allows nine selected space companies to develop landers and provide transportation to the
Moon (NASA Science, 2018).
The LOPG will become an outpost between Earth and the Moon, and is planned to support
interoperability for docking and other system standards to allow other nations and private
companies to use it, as shown in Figure 4.11 (Wall, 2018b).
Different concepts are being considered for transportation to the Moon, such as cislunar
transportation from Low Earth Orbit for resource transportation, the Lunar Space Tug between
LEO and Low Lunar Orbit (Mammarella, et al., 2017), transportation models between LLO and
the surface, the space elevator (Eubanks and Radley, 2016), rovers, lunar railroads (Shrunk, et
al., 1998), electrically powered buses and electromagnetic rockets (ASI, 2007).
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Figure 4.11. Lunar Orbital Platform Gateway (Gerstenmaier and Crusan, 2018)
Figure 4.11. Lunar Orbital Platform Gateway (Gerstenmaier and Crusan, 2018)
Table 4.10. Targets and drivers for Goal 9: Sustainable Transportation
Table 4.10. Targets and drivers for Goal 9: Sustainable Transportation

Targets
Targets
Ensure the traffic in
Ensure the traffic in
cislunar space is
cislunar space is
9.1 controlled and
9.1 controlled and
sustainable to allow for
sustainable to allow for
open access.
open access.
Create a sustainable
Create a sustainable
transportation
transportation
9.2 infrastructure for the
9.2 infrastructure for the
long-term access to the
long-term access to the
Moon.
Moon.

9.11
9.11
9.12
9.12
9.13
9.13
9.14
9.14
9.21
9.21

Drivers
Drivers
Promote measures to control the traffic on Earth and Moon
Promote measures to control the traffic on Earth and Moon
orbits.
orbits.
Ensure the registration of rovers and other vehicles on the lunar
Ensure the registration of rovers and other vehicles on the lunar
surface.
surface.
Support the adoption of standardized transportation systems in
Support the adoption of standardized transportation systems in
cislunar space and on the Moon.
cislunar space and on the Moon.
Broaden the current concepts of space traffic management to
Broaden the current concepts of space traffic management to
consider the Moon.
consider the Moon.
Encourage international cooperation to implement an
Encourage international cooperation to implement an
infrastructure for long term transportation between the lunar
infrastructure for long term transportation between the lunar
orbit and surface.
orbit and surface.

9.22
9.22 Encourage the use of sustainable reusable rocket technology.
Encourage the use of sustainable reusable rocket technology.
Support the development of alternative propulsion systems
Support the development of alternative propulsion systems
aimed at reducing or eliminating the required fuel for lunar
Ensure the efficient use of 9.31
aimed at reducing or eliminating the required fuel for lunar
Ensure the efficient use of 9.31 missions.
9.3 lunar resources to allow
missions.
9.3 lunar resources to allow
for a variety of activities.
to using low-environmental impact operations when
for a variety of activities. 9.32 Commit
Commit to using low-environmental impact operations when
9.32 utilizing lunar resources.
utilizing lunar resources.
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Goal 10: Standardization
Goal 10.

Standardization

Ensure the development of international standards as a key instrument for the application of the lunar
sustainability goals.

Ensure the development of international
standards as a key instrument for the
application of the lunar sustainability goals.

Goal 10 addresses the need for standards to be adopted for lunar exploration, with associated targets
and drivers listed in Table 4.11. There are two aspects to consider for standardization: (1) the
identification of applicable technology, and (2) the scope of participants in the standardization process.
It is necessary to promote cooperation between various space and non-space actors to adopt
consolidated standards, and ensure sustainable development of systems on the Moon. Standardization
is also a key instrument for long-term international collaboration while ensuring Open Access (Goal 1).
●

●

●

●

●

The Open Stand movement, endorsed by representatives of the Internet Society, formulated
principles for standardization processes that involve cooperation, transparency, inclusiveness
and openness (Open Stand, 2017). These principles can be applied in other fields and should
become guidelines for further consolidated standardization efforts on the Moon, supporting the
implementation of sustainable approaches. The main benefits they identified for open
standards are illustrated in Figure 4.12.
As identified in Diogo Coutinho’s “Interface Standardization for the Moon Village” (Coutinho and
Welch, 2018), functional systems that can be targeted are:
○ Energy generation, storage and distribution systems
○ Communications and navigation
○ Transportation
○ Prospection and research system procedures for sampling recollection, facilities for
sample analysis and treatment, regolith sintering and water extraction
○ Other systems such as life support, food production facilities, language, sign, symbols
and human interfaces
There are Standard Development Organizations (SDO) that have been working with space
related standards since 1982 such as the managing of communication and data system
standards to enhance interoperability for spaceflight (CCSDS, 2017).
NASA and ESA both have their systems and specifications repositories for space activities
(ESA, 2019e), which are mostly used on a local scale. Others are exclusively for national use
and are imposed through governmental standards (Defense Standardization Program, 2017).
Technologies developed using only male test subjects may pose safety risks to women and
underrepresented groups. Therefore, making sure standards are developed in accordance with
Goal 3: Diversity and Opportunity is desirable for a sustainable approach to lunar activities to
ensure design considerations are made for diverse people (Criado-Perez, 2019).
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Figure 4.12. Infographic from Open Stand highlighting the main benefits of open standards (Open Stand, 2017).
Table 4.11. Targets and drivers for Goal 10: Standardization

Targets
10.1

10.2

10.3

Drivers

10.11

Standardize energy generation, storage and
distribution systems through the establishment of
Moon-specific parameters and the joint work with
organizations such as the International
Electrotechnical Commission (IEC) and the
International Organization for Standardization (ISO)
that have been involved in the standardization of
electrical interfaces on Earth.

10.12

Standardize satellite infrastructure and
constellations for the coverage of the entire lunar
surface for navigation and communication
applications.

10.13

Commit to the technical standards established by
the Consultative Committee for Space Data Systems
(CCSDS) for data exchange interfaces for video,
voice, telemetry and commands.

10.14

Standardize transportation infrastructure and
interface compatibility in cislunar space and on lunar
surface.

10.15

Standardize prospection methods, sample retrieval
procedures and on-site research facilities.

10.16

Standardize of life support systems and human
interfaces.

10.21

Ensure that the standardization of technology and
medicine does not result in discrimination with
regards to the health, safety and performance of
astronauts.

10.22

Support the development of bias-free scientific data
sets and research in order to ensure accuracy in the
development of standards.

10.31

Commit to developing standards in collaboration
with a wide and diverse range of actors.

Standardization of
technology.

Ensure that all standards are
compatible with Goal 3:
“Diversity and Opportunity”.

Promote the use of standards
as a mean to reaching Goal 1:
“Open Access” and Goal 4:
10.32
“International Cooperation”.

Ensure that standards will be used without
discrimination towards non space faring entities.
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Goal 11: Space Debris Mitigation
Goal 11.

Space Debris Mitigation

Prevent the accumulation of debris in the Earth-Moon system to ensure safe and sustainable Lunar
missions.

Prevent the accumulation of debris in
the Earth-Moon system to ensure safe
and sustainable Lunar missions.

Goal 11 aims to remove space debris from Earth orbits, and prevent the occurrence of similar pollution
on lunar orbits to ensure safe and sustainable missions. This goal focuses on the development of new
technologies for debris removal, but also on preventing debris accumulation by encouraging
international cooperation. Space debris is a global issue and therefore should be addressed by all
nations involved in spaceflight in order to develop collective and lasting solutions, with associated
targets and drivers listed in Table 4.12.
●
●

●

●

Since the first satellite launched into Earth orbit in 1957, the number of human made objects
launched into space has steadily increased (Dodge, 2013).
According to ESA’s Space Debris Office, as of January 2019, the total estimated mass of all
space objects in Earth orbit is more than 8,400 tons, which include more than 34,000 objects
larger than 10 cm, 900,000 objects from 1 cm to 10 cm, and 128 million objects from 1 mm to
1 cm (ESA Space Debris Office, 2019). Without regulation, a similar situation is likely to develop
around the Moon, as illustrated in Figure 4.13.
In terms of energy, debris collisions are similar to atomic explosions, resulting in additional tens
of thousands of debris objects (Pelton, 2013). The main risk of debris resides in the possibility
of a chain-reaction effect, called the Kessler effect (Kessler, et al., 2010). The potential
consequences of space utilization without non-mitigation measures are illustrated in Figure
4.14.
Unlike Earth, the Moon’s atmosphere is negligible. Therefore, satellites cannot be disposed of
through atmospheric incineration, and would impact the lunar surface causing potential danger
to astronauts and facilities (Mann, 2013).

Figure 4.13. Visualization of orbital debris around the Moon (Mann, 2013) | Figure 4.14. Projection of
the cumulative collision probabilities (Liou, 2010).
102

Table 4.12. Targets and drivers for Goal 11:Space Debris Mitigation
Table
Table4.12.
4.12.Targets
Targetsand
anddrivers
driversfor
forGoal
Goal11:Space
11:SpaceDebris
DebrisMitigation
Mitigation

Targets
Targets
Targets

Drivers
Drivers
Drivers
Encourage the development of technology focused on
11.11
Encourage
the
of
technology
focused
Encourage
thedevelopment
development
ofand
technology
focusedon
on
space debris
management
mitigation.
11.11
11.11
space
spacedebris
debrismanagement
managementand
andmitigation.
mitigation.
11.12 Encourage the recycling of debris.
11.12
11.12 Encourage
recycling
of
Encourage
the
recycling
ofdebris.
debris.
Committhe
to actively
avoiding
collisions between lunar
11.13
Commit
to
avoiding
Commit
toactively
actively
avoidingcollisions
collisionsbetween
betweenlunar
lunar
mission
instruments.
11.13
11.13
mission
missioninstruments.
instruments.
Prevent the creation of new 11.14
11.1
Develop solutions for active debris removal in Moon orbit.
Prevent
the
creation
Prevent
the
creationof
ofnew
new 11.14
space
debris.
11.14 Develop
11.1
11.1
solutions
for
debris
orbit.
Develop
solutions
foractive
activecoordination
debrisremoval
removal
inMoon
Moon
orbit.
Encourage
international
onin
space
debris
space
spacedebris.
debris.
11.15
Encourage
international
Encourage
internationalcoordination
coordinationon
onspace
spacedebris
debris
mitigation.
11.15
11.15
mitigation.
mitigation.
Promote the development of servicing technology to
11.16
Promote
of
technology
Promote
the
development
ofservicing
servicing
technologyto
to
extendthe
thedevelopment
lifetime of satellites
in orbit.
11.16
11.16
extend
the
lifetime
of
satellites
in
orbit.
extend
the
lifetime
of
satellites
in
orbit.
Passivate all spacecraft by their end of life in order to
11.17
Passivate
spacecraft
by
their
Passivate
all
spacecraft
bycollisions.
theirend
endof
oflife
lifein
inorder
orderto
to
preventall
any
accidental
11.17
11.17
prevent
any
accidental
collisions.
prevent
any
accidental
collisions.
11. Commit to active removal 11.21 Develop solutions for active debris removal in Earth orbit.
solutions
for
debris
orbit.
11.21 Develop
Develop
solutions
foractive
activecoordination
debrisremoval
removal
inEarth
Earthdebris
orbit.
11.
to
removal
11.2 Commit
Commit
toactive
active
removal 11.21
of existing
debris.
Encourage
international
onin
space
11.22
22
of
Encourage
international
ofexisting
existingdebris.
debris.
Encourage
internationalcoordination
coordinationon
onspace
spacedebris
debris
mitigation.
11.22
11.22
mitigation.
mitigation.
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Goal 12: Zero Waste
Goal 12.

Zero Waste

Prevent the production and disposal of waste on the lunar surface.

Prevent the production
and disposal of waste on
the lunar surface.

Goal 12 aims for zero waste to achieve sustainable habitation on the Moon, with associated targets and
drivers listed in Table 4.13. Future long-term lunar crewed missions will require significant amounts of
food, water, and propellant supplies. Carrying these supplies from Earth or relying on resupply missions
is impractical, which makes closed-loop systems a necessity for long-term lunar exploration missions.
Disposal of waste will have to be managed and regulated to avoid leaving waste on the Moon.
●

●

●

●

A model of accumulated human waste during long duration crewed missions has been
developed, which estimates the amount of waste expected from the LOPG and a mission to
Mars, based on waste produced on the Space Shuttle and the ISS (Linne, et al., 2014). The
waste model predicts a total of 1,046 kg of waste for a LOPG mission, which includes :
○ 115 kg of clothing
○ 99 kg of wipes and tissues
○ 324 kg of human waste
○ 253 kg of food packaging
○ 29 kg of foam packaging from launch
Closed-loop systems are able to reclaim and recycle water and other waste (e.g., urine, feces,
and carbon dioxide) into drinking water, food, oxygen, and fuel, educing the necessary amount
of supplies and waste, as shown in Figure 4.15.
Currently, researchers at NASA are working on an “Advanced Exploration Systems Logistics
Reduction and Repurposing” project (LRR) that aims to identify and develop the most efficient
waste recycling systems for future long-term missions (Broyan, Chu and Ewert, 2014).
LRR systems already operate onboard the ISS. However, they are quite limited and not yet
capable to fully recycle everything onboard and to provide all the necessities for such long-term
missions (ESA/Erasmus, 2010).
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Figure 4.15. Simplified life support systems schematic (NASA, 2016)
Table 4.13. Targets and drivers for Goal 12: Zero Waste

Targets

Limit waste production of
12.1
lunar missions.

Drivers
12.11

Design zero waste systems for lunar missions.

12.12

Use and develop lunar environment-friendly materials,
designs and recycling technologies.

12.13

Promote reduced production and consumption during
lunar missions as well as the efficient use of resources.

12.14

Commit to developing lunar missions that do not entail
the production of waste.

12.15

Establish international guidelines setting out protocols for
safe and sustainable waste management and disposal.

12.16

Integrate the notion of Zero Waste in the application of
Goal 5: “Education and Outreach”.

12.17

Ensure that the development of lunar activities on Earth
are undertaken in accordance with the UN Sustainable
Development Goals.
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Goal 13: Sustainable Energy
Goal 13.

Sustainable Energy

Ensure sustainable generation, storage, and distribution of energy.

Ensure sustainable
generation, storage,
and distribution of energy.

Goal 13, with associated targets and drivers listed in Table 4.14, is at the basis of all lunar activities.
Using sustainable energy is a determining factor for long-term presence on the Moon. The energy
produced and stored should be safely and efficiently distributed to make the most of the limited
availability. Since humans cannot survive in the lunar environment directly, the development of robust
energy generation, distribution, and storage systems are critical to ensure the long-term safety and
sustainability of human presence on the Moon.
●
●

●

●

Solar power comes from the conversion of the Sun’s radiation to electrical energy using a
photovoltaic (PV) process. Solar energy is renewable, clean, and limitless (Kumar, 2006).
Solar thermal power generation (Figure 4.16) is the process of concentrating sunlight and
converting it into high-temperature heat energy from a working fluid. Tower solar thermal
power generation systems have high concentration-light ratio, making it easy to achieve a high
operating temperature, large system capacity and high efficiency. The compact structure is
easy to install and suitable for distributed energy systems (Minlin Yang, et al., 2008). This is
only one of the possibilities offered by solar energy to meet large-scale electricity demand in a
clean and renewable way.
Regeneration Fuel Cells (RFCs) are seen as critical technologies for future space exploration,
providing a sustainable way to store energy for future lunar activities. RFCs have a high energy
density, strong energy storage capacity, andre easy to use with existing equipment. (NASA,
2015e).
To achieve sustainable energy storage, batteries, flywheel systems, renewable fuel cells, or
capacitors can be used. Some of these technologies are still immature, but they have
promising applications (Khan, et al., 2006).
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Figure 4.16. Solar power thermal generation (EPA, 2016)

Table 4.14. Targets and drivers for Goal 13: Sustainable Energy

Targets

13.1

Encourage the use of clean
energy for lunar activities.

Drivers
Explore alternative technologies for power generation,
13.11 storage and distribution in order to prevent the production
of any toxic waste.
13.12

Encourage the establishment of security standards
regarding electrical energy storage.

Ensure the development of energy storage systems
Development of an energy
13.21 capable of providing the required energy for operation of
system capable of ensuring
crucial systems during lunar nights.
13.2
safe operations on the Moon
Ensure efficient distribution of energy resources
during lunar nights.
13.22
according to energy requirements for lunar operations.
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Goal 14: Sustainable ISRU
Goal 14.

Sustainable ISRU

Ensure low environmental impact of activities that require the use of lunar resources.

Ensure low environmental impact
of activities that require
the use of lunar resources.

Goal 14 focuses on the limited nature of lunar resources, such as minerals and regolith, but also
frequencies, and orbitosphere, with associated targets and drivers listed in Table 4.15. To comply with
Goal 6: Environmental Protection, lunar actors must commit to low environmental impact of resource
utilization activities. Unlike some ecosystems on Earth, the Moon lacks regenerative environmental
processes, making all damage permanent (Pernet-Fisher and Joy, 2016). Additionally, ensuring the
sustainability of a long-term lunar habitation entails operating mostly with In Situ Resource Utilization.
●

●

●

●

Oxygen, metals, and silicon will be necessary for sustaining long-duration lunar settlements, as
they are required for structural elements, rocket fuel, and solar array materials production.
These elements could be extracted from the lunar regolith as a raw material and then
processed and used for the production of settlement features (Landis, 2007).
Magmatic water abundances were recently discovered in lunar volcanic samples from the
Apollo missions almost fifty years ago (Hauri, 2017). In 2009, the Lunar Reconnaissance Orbiter
detected evidence of water ice in craters located in the lunar polar regions and in the surface
regolith as shown in Figure 4.17 (Spudis, 2013). These discoveries support the potential
development of water production on the Moon.
The Hague International Space Resources Governance Working Group addresses ISRU in the
‘building blocks’. These guidelines stipulate that the access to resources must be open and
guaranteed to whoever is interested and capable. However they also ask for international legal
bonds, thresholds, and limits, in accordance with the Outer Space Treaty and the Moon
Agreement (International Institute of Air and Space Law, 2017).
The use of Lagrangian points will also require regulation, and may benefit from an approach
similar to GEO occupancy administration by the ITU, to permit fair use of the available slots for
spacecraft positioning and to keep information available to everyone about each object (ITU,
2019).
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Figure 4.17. LRO observation of areas with possibly high deposits of frozen water (NASA, 2009h).
Table 4.15. Targets and drivers for Goal 14: Sustainable ISRU

Targets

14.1

Ensure the efficient use of
lunar resources.

Drivers
Support the development of alternative propulsion
14.11 systems to reduce or eliminate fuel consumption for lunar
missions.
Promote the implementation of sustainable infrastructure
14.12 to ensure that additional resources are not required in the
long term.
Support current and future recommendations for satellite
14.21 frequency allocation and Earth-Moon space occupancy on
the Moon.

Support recommendations by institutions such as ITU
Consider frequencies, orbits 14.22 and SFCG to protect future radio astronomy applications
on the far side of the Moon.
14.2 and Lagrangian points as
limited lunar resources.
Coordinate and collaborate among space actors with
14.23 regards to the use of Lagrangian points in order to not
impede the free access to space of other actors.

14.3

14.4

Transparency on the
discovery of new resources.

Low environmental impact
of resource utilization
activities.

14.24

Ensure fair access and opportunity with regards to
frequency allocations.

14.31

Provide for the sharing of scientific data with regards to
the lunar and cislunar environment.

14.32

Focus on approaches to governing lunar activity in areas
such as resource utilization.

14.41

Commit to ensuring low environmental impact of the use
of resources for transportation systems on the Moon.

14.42

Reduce the environmental impact of settlements on the
lunar surface.

Encourage States and organizations with planned and
14.43 undergoing operations on the Moon to work together in
monitoring activities involving resource utilization.
14.44

Ensure States and organizations remedy any harm done
to the lunar environment as a result of resource utilization.
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Goal 15: Earth Applications
Goal 15.

Earth Applications

Ensure that activities on the Moon improve life on Earth through scientific advancements and spin-offs.

Ensure that activities on the Moon
improve life on Earth through scientific
advancements and spin-offs.

Goal 15 seeks to address the benefits that establishing a lunar base may have for Earth, with
associated targets and drivers listed in Table 4.16. Many of the proposed activities to be carried out on
the Moon could benefit Earth directly, and these should be prioritized until the lunar activity can
generate its own revenue and becomes self-sustaining. These activities include the economic benefits
created by multipliers, spin-offs, and spin-ins described in Section 2.1, all of which could assist activity
on Earth and should therefore be prioritized to ensure a sustainable level of interest and investment
amongst relevant stakeholders.
●

●

●

Space science and technology have successful histories in developing spin-offs for Earth from
the research and investment carried out to fulfill space missions. Well known examples include
the Image Sensors now found in almost all Digital Single-Lens Reflex cameras and phones; the
cardiac pump and light-emitting diode (LED) lights (Lockney, 2018).
Space agencies, such as NASA and ESA, have departments specifically focused on tracking the
spin-offs developed, leading to new commercial products in areas such as consumer goods,
medical care, energy, transport and public safety as illustrated in Figure 4.18.
Every year, NASA publishes its spin-off report which sets out all the products derived from
NASA technology.

Figure 4.18. The different categories of NASA spin-offs in 2018 (NASA Spinoff, 2018).
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Table 4.16. Targets and drivers for Goal 15: Earth Applications

Targets

Drivers
Focus on developing technology and products that can
15.11
benefit life on Earth.

15.1

Encourage spin-offs from
the technology developed for
the spin-offs to further increase public
lunar missions.
15.12 Communicate
awareness and support of space activities and
programs.

15.2

Use the practices,
technologies, and
governance created for the
Moon as an opportunity for
improving sustainability on
Earth.

Promote the use of the Sustainability Goals for the
15.21 Moon in synergy with the UN Sustainable Development
Goals for Earth.
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5.

Discussion

This discussion aims to tie together themes from the three main sections of the report and provide
some analysis on how to
to implement
implement the
the information
informationpresented.
presented.Here
Here,wewediscuss
discussthethe
keykey
factors
factors
in
involved
achievinginour
achieving
target ofour
an target
abundance
of having
of near-future
an abundance
activities
of near-future
on the Moon,
activities
and address
on thesome
Moon,
ofand
the
address
challenges
some
of returning
of the challenges
to the Moon
of returning
in a sustainable
to the Moon
manner.
in a sustainable manner.

5.1

Why is it important to consider the rationales for going to the Moon?

One of the early motivations for this report arose when debating the different rationales for returning to
the Moon. Several questions were considered, such as:
●
●
●
●

What do we gain from returning to the Moon?
Should we build a lunar base?
What is the opportunity cost for the Space industry if we return to the Moon?
Does going to the Moon serve as a platform for going to Mars?

These are not
not questions
questions that
that have
have simple,
simple coherent answers amongst the international space
community, let alone amongst the general public. One of the major benefits of setting out a list of
rationales is to carry out an appraisal of the different reasons to go. These rationales help communicate
the benefits of returning to the Moon to people both within and outside of the space sector, while also
acknowledging the pushbacks and drawbacks.

5.2

Which rationales are most important and most likely to be realized?

After consolidating the rationales in the Purpose section with the Roadmap and Goals sections,
questions arose as to whether or not some rationales are considered more important than others. To
better understand the importance of these rationales, a survey study was designed and conducted to
preliminarily analyze and rank the rationales in terms of their likelihood and potential impact. The
methods, results, and discussion for this survey study are described below.
5.2.1

Survey Study Methods

A 32 question survey designed to rank the likelihood and impact of each rationale was emailed to the
authors of this report. Both likelihood and impact were ranked on a scale of 1-5, with 1 representing
negligible impact or very unlikely, and 5 representing very impactful or very likely. The survey was
completed by 18 respondents and comprised of people 22-42 years old, from 10 different countries,
with a wide range of professional backgrounds. The diversity of these respondents could, therefore, be
considered representative of the opinions of well informed,
educated citizens.
informed citizens.
5.2.2

Survey Study Results

The results of this survey are listed below in Table 5.1 and illustrated in Figure 5.1. Rationales are listed
in order of most impactful to least impactful, and all scores have been rounded to two significant digits.
Rationales with equal impact scores were secondarily ranked by likelihood scores, and then by smaller
standard deviations.
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Table 5.1. Rationales ranked by impact and likelihood scores

Standard
Deviation
of Impact
(±)

Likelihood
Score
(1-5)

Standard
Deviation
of
Likelihoo
d(±)

Rationale

Report
Section

Impact
Score
(1-5)

Scientific Discoveries

2.3.1.1

4.44

0.60

4.28

0.65

Direct Technology Transfer

2.2.1.1

4.33

0.58

4.00

0.88

Moon as a training ground

2.3.1.2

4.28

0.73

4.06

0.78

Spinoff Technology

2.2.1.3

4.28

0.73

4.06

0.85

Growth of lunar services

2.1.1.2

4.17

0.76

4.11

0.87

Growth of Markets based on lunar
resources

2.1.1.1

4.11

0.87

3.89

0.66

International Cooperation

2.5.1.1

4.11

0.87

3.61

0.95*

Creation of ethic of sustainability

2.4.1.3

4.11

0.74

3.22

0.85

Promotion of Culture of exploration

2.4.1.1

4.06

0.91*

3.67

0.94*

Economic Growth on Earth

2.1.1.3

3.72

0.87

3.78

1.08*

Creation of new policy

2.6.3

3.61

0.76

3.00

0.75

Lunar base as a defense outpost

2.5.1.2

3.50

1.01*

2.67

0.88

Development of teamwork models

2.6.1.2

3.39

0.89

2.89

0.66

Production of new art forms

2.4.1.2

3.19

0.95*

3.13

0.93*

Opportunity to reinterpret religious
systems

2.4.1.4

3.12

0.96*

2.65

0.97*

Lunar environment as training ground
for disaster response

2.5.1.3

3.07

1.00*

2.60

0.95*

* Above average standard deviations
These results show that, according to the survey respondents, the two most important rationales were
“scientific discoveries” and “direct technology transfer.” These rationales also had the lowest standard
deviation for their importance, which indicates a high level of agreement. “Scientific discoveries” were
also ranked as the most likely and had the lowest standard deviation for likelihood.
The importance of “scientific discovery,” according to survey respondents, could be explained because
science is key for
for Phase
Phases2 1ofand
the 4Roadmap
of the Roadmap
section, directly
section, supports
directly supports
Goal 5, and
Goal
indirectly
5, and indirectly
supports
supports
Goals 12 Goals
and 1312
byand
facilitating
13 by facilitating
the discovery
the of
discovery
resourceofdeposits.
resourceThe
deposits.
importance
The importance
of “direct technology
of “direct
technology
transfer,” according
transfer,” to
according
survey respondents,
to survey respondents,
could be explained
could be because
explainedofbecause
the emphasis
of the within
emphasis
the
within
space the
sector
space
on sector
a lunaron
base
a lunar
enabling
basedeep
enabling
space
deep
missions,
space missions,
which is also
which
supported
is also supported
by the rationale
by the
rationale
“Moon as“Moon
a training
as aground.”
training ground.”
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The average standard deviations for impact and likelihood were 0.83 and 0.85, respectively. Rationales
with above average standard deviations for impact included “promotion of culture of exploration,” “lunar
base as a defense outpost,” “production of new art forms,” “opportunity to reinterpret religious systems,”
and “lunar environment as training ground for disaster response.” Similarly, rationales with above
average standard deviations for likelihood included “international cooperation,” “promotion of culture of
exploration,” “economic growth on Earth,” “production of new art forms,” “opportunity to reinterpret
religious systems,” and “lunar environment as training ground for disaster response.”

Figure 5.1. Rationale impact matrix of respondents per answer choice, with corresponding ranges

These results suggest disagreement among respondents regarding potential impact and likelihood,
respectively. Disagreement in cultural rationales may be due to the subjectivity of interpreting cultural
rationales in objective systems and the unclear timeline for cultural evolution, which was discussed
above in Section 3.5.3. However, disagreement in security rationales may be due to the current lack of
robust policies surrounding the use of Outer Space for security purposes (see Section 2.6.2).
5.2.3

Survey Study Discussion

The likelihood of economic growth on Earth is the only highly disagreed upon rationale outside of
culture and security. While numerous space actors are promoting the economic potential of space, the
impact for society seems
seems less
less certain
certain to
to the
the average,
average reasonably informed citizen. However, as
discussed in Section 2.1.1, space missions directly translate to jobs and economic growth on Earth.
This analysis is useful to understand which rationales are already considered impactful and likely for
space missions, and which ones could benefit from further education and outreach. While culture is
likely to always remain a topic of debate due to its subjectivity, the security and economic benefits of
using space must be better established and promoted. Ensuring a well rounded set of rationales is
essential for garnering public support and the less agreed upon rationales listed above pose a prime
opportunity for space actors to shape the narrative surrounding those rationales in support of returning
to the Moon.
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Furthermore, as shown in Figure 5.1, there is a correlation between the perceived likelihood of a
rationale and its predicted impact. This means that people trying to motivate the lunar base through the
use of rationales should ensure that the rationale they are promoting seems likely. One way to do this
would be to actively support proof-of-concept missions to motivate the next mission to the public. This
correlation offers another explanation for why “scientific discoveries” was the highest ranked rationale,
which is that scientific missions have already been conducted on the lunar surface and resulted in
interesting conclusions, so it may be easier for the average informed citizen to believe that a lunar base
would result in beneficial science outputs. While this strategy would not work for the cultural rationales,
it is promising with regard to the economics of space. Promoting the previous economic benefit of
space missions, as is done in Section 2.1.1, is a promising method of convincing the public of the future
impact of lunar missions on economics on Earth according to the results of this survey.

5.3

Can developing a Moon base help us achieve greater sustainability on Earth?

The UN released a set of SDGs for all nations in 2015, which seek to guide humanity towards a brighter
future. Since then, ESA has been publishing a Corporate Responsibility and Sustainability report every
two years highlighting how the activities of ESA assist Europe in reaching the SDGs, and have
maintained an online database to showcase ESA’s sustainable practices (ESA, 2019f). We have
undertaken a similar analysis for the rationales associated with returning to the Moon. In Figure 5.2
below, the rationales are assigned to the different SDGs to illustrate how a lunar mission would benefit
society as a whole. The rationales discussed in this section address 11 of the 17 UN SDGs directly. A
mission to the Moon
Moon would
would not
not only
only help
help humanity
humanity reach
reach new
new heights
heights in
in space,
deep space,
but would
but would
also, more
also,
importantly,
most importantly,
createcreate
benefits
benefits
on Earth
on.Earth.
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Goal 3: Good Health
and Well-Being
(2.2.1.3) Spin-off
Technology, (2.3.1.1)
Scientific discoveries
(including medicine)

Goal 8: Decent Work
and Economic Growth

Goal 4: Quality
Education

Goal 6: Clean Water
and Sanitation

Goal 7: Affordable and
Clean Energy

(2.2.1.3) Spin-off
Technology

(2.1.1.2) Growth of
lunar services, (2.2.1.3)
Spin-off Technology,
(2.4.1.3) Creation of a
new ethic of
sustainability

(2.3.1.1) Scientific
Discoveries, (2.3.1.2)
Moon as a training
ground, (2.4.1.3)
Creation of a new ethic
of sustainability,
(2.4.1.1) Promotion of
Culture of exploration
Goal 9: Industry,
Innovation and
Infrastructure

Goal 11: Sustainable
Cities and
Communities

(2.1.1.1) Growth of
Markets based on
lunar resources,
(2.1.1.2) Growth of
lunar services, (2.1.1.3)
Economic Growth on
Earth

(2.2.1.1) Direct
Technology Transfer,
(2.3.1.1) Spin-off
Technology

(2.3.1.1) Spin-off
Technology, (2.4.1.3)
Creation of ethic of
sustainability, (2.6.1.1)
Policy Spin-Offs

Goal 13: Climate
Action

Goal 16: Peace,
Justice and Strong
Institutions

Goal 17: Partnerships
for the Goals

(2.3.1.1) Spinoff
Technology, (2.4.1.3)
Creation of ethic of
sustainability, (2.6.1.1)
Policy Spin-Offs

(2.5.1.1) International
Cooperation, (2.6.3)
Creation of new policy

(2.6.1.2) Development
of teamwork models,
(2.5.1.1) International
Cooperation

Goal 12: Responsible
Consumption and
Production
(2.3.1.1) Spin-off
Technology, (2.4.1.3)
Creation of ethic of
sustainability

Figure 5.2. Mapping of Rationales for going to the Moon onto UN SDGs.

5.4

Why is it important to have a lunar base as opposed to other alternatives?

A lunar base (or settlement) would serve as an enabler to do more on the surface of the Moon, as
opposed to frequent short 1-2 week visits, and would become a platform from which other space
exploration missions in the solar system could be carried out. A base is inherently more sustainable
because it would create the infrastructure that could be built and developed over many years, support a
number of people, and over time support an increasing range of activities. A base would lay the
foundation for a sustained presence on the Moon and allow for the accumulation of assets and
resources that one day may enable it to become a fully self-sustaining settlement, as alluded to in the
final phase of our roadmap.

5.5

What does our roadmap tells us about a future lunar settlement?

Our roadmap is an accumulation of many existing roadmaps that have been outlined by a number of
different space actors. While the majority of these roadmaps lack a detailed approach, they all share a
number of consistent features regarding what the function of the base should be, how it should be
developed over a series of phases, and when construction of the base would likely begin. The first 2-3
phases of our roadmap set out these consistencies, from robotic surveillance to infrastructure
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preparation and habitat development. However, beyond a primary base of activity and as the planned
phases evolve into the distant future, the likelihood of a fully-fledged settlement where people live
permanently is less obvious. As with many expensive global projects (e.g., the ISS, the European
Organization for Nuclear Research (CERN)), government backing and expenditure is vital to establishing
the infrastructure in the early years, which links back to the need for robust rationale that increases
public support. However, once the base develops to a point whereby activity can pivot towards private
space actors and new space activities, it becomes less clear what the function of a base or settlement
would be. Issues of ownership could become complicated and beg questions such as:
●
●

Would parts of the base be rented out to other space actors?
Would one base serve as the starting point of a series of bases from different international
actors?

There is no guarantee that any base would follow an international partnership model (as the ISS and
proposed LOGP do). Therefore, the future of the base of human presence on the Moon is very much
open for debate.

5.6

What did we learn from our consolidation of existing roadmaps?

A major aim for our project was to set out a roadmap consisting of a multiphasic approach to the
development of a lunar settlement. One of the main drivers behind this was to draw together
comparisons and present different approaches to lunar settlement evolution under one consolidated
roadmap. One of the key shortfalls with the existing, publically available roadmaps that we analysed
was the lack of detail to provide an overview to communicate the evolution of a base on the Moon, and,
with this report, we wanted to detail why the roadmaps take the approaches that they do and generally,
how they propose to fulfil their ambitions. A major gap currently under-addressed in existing lunar base
roadmaps is the sustainability approach to the use and evolution of the Moon—a major theme of this
report. In this section of the discussion we have highlighted the following important themes that were
gleaned from our process of analysing and consolidating the roadmaps into one:
1. Progressive-multiphasic approach to lunar exploration
Upon researching numerous roadmaps from various space agencies, companies, and private
organizations, it was clear that a process which incorporated multiple steps towards the
establishment of a lunar base or settlement was a common theme. Although the many
roadmaps had contrasting underlying rationales for exploring the Moon, all of them contained a
progressive, staged process. More specifically, the phases of each roadmap were not
disconnected. They did not have their own rationale (e.g., scientific, economic, cultural). Rather,
the operations within the initial phases set the foundation for the later phases, which built
towards the end goal of lunar exploration that was ultimately motivated by the initial driving
rationale of the actor.
2. Ambiguous exploration timelines
The timelines presented among the roadmaps assessed varied for all the entities. Furthermore,
none provided detailed explanations as to why a set duration was allocated for a particular
phase of the roadmap. After consolidation, it was clear that phases with
durations
longer
than
which
stretched
beyond
a
a decade
often
ran and
required
more timebecame
than anticipated.
decade
from
theover
starting
point
of the roadmap
longer.
3. Minimal collaboration among agencies, industry, and private organizations
The sheer fact that multiple lunar exploration roadmaps exist and are announced within a few
years of one another demonstrates the lack of collaboration between the various categories of
space actors today. While the Global Exploration Roadmap produced by ISECG is
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representative of multiple space agencies, other private entities are not included. This may
largely be due to their individual rationales for exploring the Moon, with national agencies
focusing more on progression of science, industry pushing for technology development, and
private organizations seeking economic return.
4. Lack of legislative concern
Many of the roadmaps addressed in this report presented the technical evolutionary aspect of
lunar exploration. However, none explicitly addressed the need or desire to accommodate
existing legislation directing the exploration of the Moon. Many of the roadmaps detail the
in-direct appropriation of the lunar surface via setup of semi-permanent structures and the
unregulated use of natural lunar resources, which is governed by the Outer Space Treaty of
1967 and the Moon Treaty of 1979.

5.7

What recommendations can we draw from our consolidated roadmap?

Given the existing phased approach to lunar settlement evolution and their shortcomings within the
context of sustainability, the following recommendations have been made for decision makers within
the space community about the potential for incorporating sustainability into planned lunar missions in
a viable manner and to shift the focus to a sustainable framework for guiding lunar surface activity.
5.7.1

Recommendation 1

Proper investment of time and finances into prospecting potential outpost sites on the Moon, for precise
quantity of useable resources and scientific potential.
This is an essential step which lays the foundation to ensuring the future aspirations of developing a
lunar settlement are met. Site information needs to be accurate since the type and quantity of
resources, such as water and in situ construction materials, will dictate future habitation limits as well
as preliminary operations focus (in terms of science missions/rationale).
5.7.2

Recommendation 2

Development of standardized and re-purposed transportation systems / Unconventional reusability of
transportation systems.
To meet the needs of providing sustainable access to the Moon, unconventional means of reusability
must be explored. Reusing lunar landers for the conventional sense of transporting people multiple
times has shown to fail in the past (see Apollo missions). This can be avoided by re-purposing the lunar
landers in other ways, by stripping the mechanical body of valued resources that are not available in
situ.
5.7.3

Recommendation 3

Use of alternative materials for infrastructure development and construction.
Many roadmaps suggest the use of in situ materials, such as lunar regolith, for constructing habitats
and infrastructure. However, these are non-renewable resources of the Moon. Therefore, to ensure
sustainability of a lunar settlement with an anticipated growing population, as well as the Moon itself, it
is recommended to explore other materials which can potentially be grown or recycled to act as the
basis of habitat materials.
5.7.4

Recommendation 4

Implementation of fully renewable and clean power sources.
The tasks of mission-based operations and functions within a lunar settlement are dependent on the
ability to sustain high output power production. Methods of achieving this within presented roadmaps
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refer to a variety of sources, including the use of nuclear fission reactors towards the establishment of
a lunar settlement. However, it is recommended to shift focus and efforts on establishing a high output
power source which is entirely based on renewable resources, while generating zero waste so that no
adverse impacts occur to the lunar environment.
5.7.5

Recommendation 5

Significant investment of time and finances in ensuring safety of astronauts and other settlers.
To meet the aspirations of sustaining a lunar settlement, implementing methods to ensure crew and
future lunar inhabitant safety during transport and habitation is crucial. Exploration based missions
should incorporate mandatory intensive medical training to ensure human health standards can remain
stable in the event of an incident. Furthermore, investment in medical infrastructure on the surface to
provide and maintain
maintain societal
societal health
healthstandards
standardsofofthe
future
futureresidents
residentsofofaalunar
lunar settlement
settlement enables
enables the
sustainability and continuation of the human population within the lunar
community.
community.
5.7.6

Recommendation 6

Promotion of equal stakeholder partnerships among different types of space actors.
Analysis of the consolidated Roadmap concluded that minimal partnerships and unbalanced
contributions occur among common projects between space agencies and commercial entities.
Consolidation of all space actors upon a common journey would not only harbour international
cooperation but ensure a optimal development of a lunar settlement in a peaceful manner while
providing open access among the variety of actors involved.

5.8

Appraisal of how likely time frame is according to Roadmap

Beyond the disagreements between various roadmaps in terms of timeline, an additional challenge
faced by space actors attempting to plan missions that extend more than thirty years into the future is
that the technological landscape changes rapidly, and may be entirely different within that time frame.
NASA (2015) identified the following technologies that will emerge in the mid-term to the long-term
future (10-25 years) which have the capacity to drastically change space travel: (1) Cognitive Robotics,
(2) Hybrid Decision-Making, (3) Swarm Intelligence, (4) Brain/Neural-Control Interface (NCI), (5)
Non-invasive NCIs, (6) Neurorobotics, (7) Biomechatronic, (8) Cortical implants, (9) Nanotechnology /
Nanorobotics, and (10) Cyborg technology.
Of the technologies listed above, robotics is the area of primary concern. Robots play the primary role in
Phases 1-2 of the Roadmap, and work in tandem with human settlers for the remaining phases. The
main area of development is establishing robotic autonomy, since it affects the type of tasks robots can
perform and determines the needed level and frequency of human-robot
human robot interaction. There are multiple
levels of autonomy, varying from teleoperation to full-autonomy.
The final phases of the Roadmap may undergo significant changes if robots are able to autonomously
handle the daily operations of the base without human assistance. Additionally, as robotic systems
continue to improve, the entire timeline of the settlement may be accelerated. This may allow the
development of new rationales, especially in regard to the science that can be done on the Moon and
the spin-offs that are applicable on Earth. However, this technological advancement should still comply
with the Lunar Sustainability Goals outlined in Section 4.
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5.9

How are the Roadmap and Lunar Sustainability Goals intertwined?

For all lunar missions, it will be necessary to ensure that the activities of one space actor do not
interfere with the activities of another, which supports the creation of the goals of Open Access (Goal
1), Peaceful Purposes (Goal 2), Diversity and Opportunity (Goal 3) and International Cooperation (Goal
4). These goals should be implemented from Phase 1 of the Roadmap. During Phase 2 of the Roadmap
presented above in
in Section
Section 3.2,
3.2,ititbecomes
becomesclear
clearthat
thatnonocurrent
currentplans
plans
evaluated
evaluated
surrounding
regarding lunar
settlement consider how resources (e.g., water) can be mined sustainably before
withoutresource
depletingdepletion,
them or
without
damaging
damaging
the lunar the
environment.
lunar environment.
This omission
Thiswas
omission
the inspiration
was thebehind
inspiration
the goals
behind
of Environmental
the goals of
Environmental
Protection (Goal
Protection
6), Heritage
(Goal
Protection
6), Heritage
(Goal
Protection
7), Sustainable
(Goal 7),
ISRU
Sustainable
(Goal 14).ISRU (Goal 14).
There are major benefits that arise from space actors building compatible infrastructure, the demand
for which was set out in Phase 3 of the Roadmap presented in Section 3.3, which supports the creation
of Goal 10: Standardization. This phase also provides the ability to conduct small scale science
investigations and outreach, which must be emphasized and communicated ot
to stakeholder on Earth,
hence Goal 5: Education and Outreach. However, despite the settlement of humans on the Moon in this
phase, no evaluated plans seek to establish, based on resource determination and utilization, how many
people the Moon could support in terms of transportation and energy without polluting the lunar
environment.
environment, These
which considerations
led to the creation
led to
of the creation
goals Sustainable
of the goals
Transportation
Sustainable Transportation
(Goal 9), Space
(Goal
Debris
9),
Space
Mitigation
Debris
Mitigation
(Goal
11), Zero(Goal
waste
11),
(Goal
Zero12)
waste
and (Goal
Sustainable
12) andEnergy
Sustainable
(Goal 13).
Energy (Goal 13).
Phase 4, discussed in
in Section
Section 3.4,
3.4, entails
entails an
an increased,
increased continuous presence of humans on the Moon
which increases the potential for serious health problems to occur,
occur. which
This led
ledto
tothe
thecreation
creation of
of Goal 8:
Health and Safety. As the final phases progress, it becomes even more important to emphasize the
benefit generated for Earth by the lunar base, which builds on the Purpose Section (Section 2) and is
encapsulated in Goal 15: Earth Applications.

6.

Conclusion

Existing space agency, company, and organizational intentions to increase lunar activities and develop
a lunar base are technically and scientifically well planned, but could be improved by better
communicating the rationales for lunar settlement, and the ways in which sustainability would be
ensured. To improve these plans, this report provides (1) a summary of the rationales for returning to
the Moon, while addressing the arguments against going, (2) consolidated approaches to evolving from
current
initial robotic
robotic
surveillance
surveillance
toto
aa
lunar
lunar
settlement,
settlement,
and
and
(3)(3)
a set
a set
of Lunar
of Lunar
Sustainability
Sustainability
Goals
Goals
thatthat
serve
serve
as
guidelines
as guidelines
for for
social,
social,
political,
political,
international,
international,
environmental,
environmental,
andand
safety
safety
issues.
issues.
The key takeaways for the summary of rationales for lunar missions are that these rationales—be they
economic, technological, scientific, cultural, security, or political—must clearly communicate the
benefits for people on Earth. Additionally, these benefits should be derived from a sustainable lunar
presence to justify the long-term international effort and expense that would be required to achieve
them.
The key takeaways for the consolidated Roadmap for lunar exploration are that there are five general
phases of evolution towards lunar settlement: robotic surveillance, infrastructure preparation, habitat
development, basic operations, and lunar settlement. As initial exploration phases out, further
operational systems are necessary to sustain settlement, particularly after humans arrive and demand
additional human-related and infrastructural
infrastructure requirements. Although existing roadmaps are well
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developed in terms of their technical and scientific details, they require further specificity regarding how
lunar development could be done sustainably to justify the required effort and expense.
The key takeaways for the set of Lunar Sustainability Goals is that social, political, international,
environmental, and safety guidelines can be created for the Moon, in keeping with relevant international
frameworks, to set a precedent for sustainable lunar activities in a similar fashion as the UN SDGs on
Earth.
Based on these takeaways, we, in accordance with the scope, aims, and objectives of this report, have
presented The
Lunar
Lunar
Sustainability
Sustainability
Goals,
Goals,
alongalong
with with
their their
accompanying
accompanying
targets
targets
and and
indicators,
indicators,
which
which
can
can
serveserve
to inform
to inform
decision
decision
makers
makers
within
within
thethe
space
space
community
communityabout
aboutthe
theviability
viabilityof
of and
and potential for
incorporating sustainability into planned lunar missions.
Altogether, this report was designed with consideration for the Moon as a place worth protecting, as the
province of all humankind. We look forward to a sustainable evolution of lunar activities that can
culminate into a better future for Earth and humanity.
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