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Mission Statement
“To create a responsible framework for
the establishment of a long-term lunar
settlement, functioning as an efficient
self-sustained closed-loop system with
potential Earth applications.”
Mission duration of 18 to 36 months...
...with 12 people...
... and established by 2030

This executive summary and the associated
report were generated by a team of 32 people,
representing 12 different nationalities, different cultures
and different backgrounds.
The project centers upon a closed-loop lunar habitat. The science, engineering and life sciences aspects are examined, as
well as the policy, law, business and management that enable
this vision.
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A Habitat on the Moon
Design Architecture
Architecture is crucial for the design and implementation of a lunar habitat.
The size of the base will be determined heavily by the areas required by humans to live
in comfortably and healthily. A ‘circular’ system - in terms of closed loop water and atmosphere – has been incorporated into the
design as much as is seen to be beneficial
to the entire Closed Loop System (CLS) &
Architectural integration.
To best achieve a successful zoning practice,
it becomes an important human requirement (especially in a limited volume such

as Luna Gaia) to transition between zones
(living area, working area, social area, control center, operations and storage facilities,
etc.). The main purpose of transitioning is
to facilitate the human tendency of normal
daily rhythms.
Luna Gaia comprises as a main focal point in
its design a large social Earth-like environment, in which the micro-society can best
integrate as a matrix. In addition to this, the
inhabitant “dormitory” zones have a central
kitchen space which is to act as the social
driver in this environment, at a smaller level.

Modular Design
For increased success the Luna
Gaia micro-colony must be of a
highly adaptable and expandable
design, modular in its essence,
and as simple as possible, as illustrated in the figure pictured
right. The Luna Gaia modular
platform allows for future Moon
settlement and is a driving force
of the project.
Figure 1

Structural Form
One of the proposed design solutions for Luna Gaia consist of buckminsterfullerene-type structural domes (a concept derived from the structural stability of the carbon 60
molecule). This design provides a stable structure capable
of withstanding the necessary loads, and the geometry involved can also be made into foldable units that expand to
generate the overall space. Each constituent component is
of a standard section, which provides huge benefits in terms
of pre-manufacturing and assembly.
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Building Structure and Skin
Due to the current uncertainties with inflatable technology and the need for
more development work, we chose to use a legacy (ISS-like hybrid materials)
structure as the baseline for the base. However, based on this tradeoff analysis,
it can be concluded that accelerating the maturing process of inflatable structure
technology should be an area of focus to make this project a reality.

Recommendations:
•
•
•
•

Test modular and inflatable habitat designs and building materials.
Test the viability of foam panel creation for solar power generation.
Develop and test extraction processes with different gases, energy requirements, as well as in situ concentrations of minerals at the chosen location.
Locally map the potential habitat locations using robotic landers.

Figure 2

The area surrounding the Peary Crater at
the lunar North Pole is the recommended
location for the Luna Gaia habitat. Not
only does this area contain high concentrations of hydrogen, but it also provides
access to both a high ridgeline containing
numerous peaks of eternal light (PELs)
and a number of craters of permanent
darkness. In order to support the proposed design architecture, a small crater
of permanent darkness (< 2 km in diameter) must be selected, with a number of
PELs located around the rim of the crater.
Based on the current level of information,
the following diagram shows one possible
candidate location (indicated by the arrow) for such a habitat. Additional reconnaissance will be required before a final
location can be selected.
Figure 3
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Closing the Loop
Life Support
Since its beginnings in 1961, human space exploration has relied on physico-chemical methods for providing the environment necessary to meet human requirements. Atmospheric
control systems are required to provide the appropriate cabin conditions by removing carbon
dioxide, providing oxygen at the proper partial pressure and maintaining humidity at a comfortable level. Water supply and storage addressed the need for potable and hygienic water.
Food was pre-packaged,
stored and re-supplied to
meet the nutritional requirements of the crew.
Waste management was
dealt with by venting,
compacting and storing
expensed matter for disposal on Earth after the
mission.
Re-supply and storage
are economical solutions
suited for long duration
mission in close proximity to Earth. However to
undertake the challenge
of establishing a prolonged presence away
from Earth, initially on
the Moon and eventually
on Mars, the philosophy
Figure 4
must undergo a significant evolution. The life support systems must focus on regenerative solutions and decrease
the dependency on re-supply. Such systems can use a combination of closed-loop and in situ
recourses to reduce the need for re-supply.
Previous attempts have been made at clos¬ing the water, food, atmosphere and waste loops.
These attempts were either conducted on a small scale, on Earth or in space, or on a larger
scale on Earth. The levels of efficiency of the different attempts at closing the loop are presented in the table below. A goal of Luna Gaia is to achieve as close to possible a fully closed
loop life support system.

ATMOSPHERE



MIRS/ISS

0%

BIOSPHERE 2

100%

BIOS 3

100%

MELISSA

100%
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“

A house is no home unless it contains food
and fire for the mind as well as the body.

”

Margaret Fuller (1810 - 1850)

The Proposed System
In order to create an efficient selfsustained closed-loop system for the
establishment of a long-term lunar
settlement, we considered previous attempts and selected the most
promising technologies. We came to
the conclusion that a hybrid system
comprising bioregenerative technologies and physico-chemical methods
would translate into an innovative
and creative closed-loop life-support
system. This system was named the
Luna Gaia Life Support System (LuGaLiSuS).
Figure 5

The LuGaLiSuS system can be expected to achieve a closed loop percentage of 90-95% for the Luna-Gaia
habitat. Re-supply and In Situ Recourse Utilisation (ISRU) will be used
to compensate for the inefficiency.

Figure 6

WATER

FOOD

WASTES

>0%

0%

0%

100%

100%

Unknown

100%

70-80%

Unknown

92.4%

Unknown

70%

Table 1 (see references in Luna Gaia report)
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Closing the Loop
The Heart of LuGaLiSuS
LuGaLiSuS combines technology from five
main systems: the Bios-3 (USSR 1965-1985)
experiment, the CEBAS system (Germany mission designs 1998), the Breadboard and
photoreactor experiments at Johnson Space
Center (USA 1980s-current) and the MELiSSA
(Europe 1988-current) system. Atmosphere
regeneration (reduction of CO2 and production of O2) will be done with a combination
of higher plants and algae. Algae (Chlorella
and Spirulina) will provide the main atmosphere regeneration process by transforming CO2 into O2 via photosynthesis. Algae
are also a good food
source. In addition to
contributing towards
atmospheric regeneration, higher plants
will produce food and
purify water through
evapotranspiration.
Water purification will
also be performed
with the MELiSSA
system, which uses a
novel four-step bac-

teria-based process for water and waste purification. Final water purification removing
trace contaminats involves the use of physico-chemical systems, namely active charcoal
beds, reverse osmosis and UV treatment.
Degraded waste will further fertilize algae
and higher plants through bacterial and fungal methods. Tilapia fish are also included
as a food source to provide nourishment and
variety in the diet. Physico-chemical methods will further contribute to the sustainability of the habitat being utilized as a back up
system.

Figure 7

The Future
The novelty of the system is found in the integration of the most promising and efficient
systems required for a sustainable lunar habitat with minimal ISRU and re-supply requirements. Developing a sustainable ecosystem is a complex process. LuGaLiSuS takes advantage of existing technologies, although numerous enabling technologies are still required.

Recommendations:
•
•

•
•



Reduce the requirement for re-supply.
Further research be conducted on the following:
Plant growth optimization
Food production
Water purification
Contaminate removal
Fungi and insects
Integration and evaluation of LuGaLiSuS as a hybrid
biological and physico-chemical life support system.
Explore the use of extremophile genes to splice and terraform the lunar regolith for oxygen.
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Health
Human health is a critical element of any successful space mission. The health
regime designed for Luna Gaia includes a combination of conventional and innovative countermeasures for physical and psychological well-being.

“

Health is a state of complete physical, mental,
and social well-being and not merely the absence of disease or infirmity
World Health Organization (WHO)

Physical countermeasures are utilized for maintaining crew health.
Existing countermeasures adopted
from previous long duration missions
include treadmills, cycle ergometers,
resistive exercise devices, lower body
negative pressure and pharmacological treatment. Innovative countermeasures recommended are hydro
therapy and centrifuge-induced artificial gravity.

Figure 8

”

To address personal and social wellbeing, psychological countermeasures are required. They are based on
preventative measures such as selection, training and monitoring. In addition, human physical and cognitive
capabilities and limitations are considered in the design of human-machine interfaces, tools and workload
assessment. However, because of the
unique characteristics of a lunar mission, new countermeasures and mitigation techniques are required.

Figure 9
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Safety Issues
The safety of the crew at Luna Gaia has been a primary consideration. Proactive measures
have been proposed to reduce risks and provide protection against radiation exposure, contamination and the effects of lunar dust.

Radiation
In the absence of the Earth’s magnetic field
and atmosphere, radiation exposure becomes
of increasing concern in Luna Gaia. For radiation mitigation we considered an appropriate
launch window by monitoring space weather
and personal dosimeters. The duration of the
surface missions should also be planned according to the phase of the solar cycle.

Figure 10

Passive shielding is considered more effective, reliable and economical than active shielding. Lunar
regolith, which provides a good shield against proton impacts, can be taken from the lunar surface,
thus saving part of the launch mass. It can also
be used to cover buried nuclear power generators. Other materials are needed to complement
the regolith shield capabilities, such as structural
elements (aluminum alloys and composites), water and fuel tanks.
Bulk materials could be used for the protection of
the lunar rovers, but portable inflatable or deployable structures, with further research, could be a
viable option in the near future.
Figure 11



Figure 12
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Contamination
Mitigation against the uncontrolled or
un-cataloged transfer of biological material, potential new life forms, or other
hazardous substances, both to and from
Luna Gaia is important. Measures include
monitoring and controlling levels of forward contamination, microbe mutations
at the lunar base and ensuring microbial
cleanliness of spacecraft on sample return missions through stringent sterilizaFigure 13
tion standards. The methods considered
include DNA amplification and identification using polymerase chain reaction
(PCR) and gene chip arrays, protocols for Martian sample quarantine, automatic monitoring systems, and sterilization through heat, radiation, or chemical
treatment.

Lunar Dust
Lunar dust may have worse effects than terrestrial dust due in part to its size,
jagged shape and charge carrying properties. Additional research is required to
fully understand the behavior and effects of lunar dust. There is considerable
risk of pulmonary and cardiovascular effects due to lunar dust. However there
are several techniques for dust control and collection. The techniques considered for Luna Gaia include the use of airlocks, wet wipes, vacuum cleaners,
electrostatic precipitators and mechanical filtering systems.

Figure 14, 15 and 16

Recommendations
•
•
•
•

Continue research into the physiological effects of chronic
dust and radiation exposure.
Develop and test Mechanical Counter Pressure (MCP) space
suits.
Research contamination prevention and sterilization.
Develop lunar sample containment, archival preservation
and handling protocols.
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Power and Transportatio
Earth to Moon Transportation Strategy
Designing transportation systems to carry crew, equipment and materials to the lunar surface is an important issue. In this project, NASA’s new vehicles Ares I and Ares V are used as
the baseline launch vehicles. In addition CEV (Crew Exploration Vehicle) for orbital transfer
vehicle and LSAM (Lunar Surface Access Module) for lunar landing vehicles are used. The
summary of launch strategy is shown in the figure below.

Figure 17

Impact of Lunar Base Build Philosophy
The lunar base habitat philosophy such as size of the base, mission types, landing point,
launching cost and buidling logistics will have significantly impact on transportation logistics.
Ways to give further options to carry payload to LEO at reduced cost compared to man-rated
launch vehicles such as the Ares series are required. For the aim of international cooperation
and increasing redundancy, several existing launch vehicles could be used as less expensive
alternatives for re-supply including Soyuz, Ariane V etc.

Other Transportation Needs
Lunar surface vehicles, emergency rescue vehicles and several other means of transportation
systems will be required to support activities for the Lunar settlement. For example, a Lunar
surface wheeled rover which carries cargo and a rescue LSAM which will be used for emergency
escape are to be developed.

Recommendations
•
•
•
•
•

10

Develop an interface adapter between Soyuz and the planned
LSAM to allow an alternate crew rescue vehicle.
Develop an alternate human-rated Lunar lander to provide
an alternate to LSAM.
Develop a standard commercial Lunar lander and transfer
stage to get cargo from LEO to the lunar surface.
Test solar thermal power generation to provide a long-term
energy source.
Explore the use fission reactor systems during pre-launch
and post-operation phases to test viability and safety.
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on
“

“

Space isn’t remote at all. It’s only an hour’s drive
away if your car could go straight upwards
Fred Hoyle (1915 - 2001)

Power
The nominal power consumption of the Luna Gaia habitat is 646 kW, with a
minimum power demand of 146 kW. In order to provide these levels of power
(with sufficient redundancy), the recommended power subsystem for the Luna
Gaia habitat consists of four separate power systems, as described below (see
figure):
•
Primary Generation: Nuclear Fission or Solar Thermal
•
Secondary Generation: Photovoltaic
•
Primary Storage (& Regulation): Flywheels
•
Secondary Storage: Fuel cells
Power will be supplied by
a nuclear fission reactor. If
precursor mission prooves its
efficiency, primary power will
be supplied by a solar thermal system. In the event of a
failure, photovoltaic cells will
be used to provide the minimum power for life support
and habitat sustainability.
For power storage, flywheels
will be the primary method
of storage, and they will also
be used to regulate the power output of the power generation systems (to ensure
power quality). When the
flywheels start to approach
their maximum storage limits, the energy can be drawn
off and used to extract additional H2 and O2 from the
lunar soil, which will then
be used as redundant power
storage (fuel for fuel cells).
Figure 18

Since each of these systems is able to operate independently, multiple systems
can be used simultaneously for relatively short durations (up to several days)
in order to meet peak power demands of up to twice the nominal power load
(~1.3 MW). The use of batteries and photovoltaic cells (as a primary source of
power) was discounted, since they both degrade through normal use and require
periodic replacement.
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Coming New Era

Figure 19

Policy
The notion of a permanent settlement on
the Moon will undoubtedly contribute to debates spurred by the public and policy-makers alike. The success of Luna Gaia hinges
upon developing a cohesive framework that
considers crucial initiatives that must be resolved to enable mission success.
A plethora of policy drivers will play an important role in determining the feasibility
and success of developing an artificial environment at the local and international levels. The four main policy areas are: political,
economic, scientific, and social domains.
Each of these core areas serves to influence

the other, often with broader consequences
for ethical, legal, domestic and international
regimes.
Through a careful assessment of these drivers, we identified some critical policy issues
that must be resolved for Luna Gaia to go
forward:
•
•
•
•

The development of a governing body
Greater industry participation
Planetary protection
Nuclear power concerns.

Law
In the field of Space law, numerous questions
remain unanswered and are insufficient for
sustainable lunar exploration. Today’s space
activities are adequately covered under the
current legal framework; however to accommodate space activities that have an element
of commercialization, the existing regime will
require revisions. This current state of affairs
makes the identification of the legal framework for Luna Gaia a challenge.

12
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Our mission statement calls for us to respect the principles of non-appropriation
and benefit to mankind at the center of the Luna Gaia project. However, if the
policy drivers are strong enough, there is a possibility through the use of agreements or additional protocols to allow us to achieve both goals: to protect the
lunar environment and accelerate the development of the Moon.
In this report, we examine the existing legal framework, identified the applicable principles and brought to light the discrepancies and gaps in the context of
building a habitat for humans on the Moon.

Ethics
In early 2006, NASA Ames Director, Dr. S.P.Worden provoked
us by asking
How do we sustain the vision for space exploration
to lead to settlement? How do we afford it?
How do we nurture it?”

“

Luna Gaia must consider the vision
of returning people to the moon as a
significant opportunity to give renewed consideration for the development of more appropriate, advanced
systems and infrastructures, technologies and philosophies. It is our
responsibility to ensure that future
generations are considered in our
recommendations – not only the continuing generations on Earth who will
have to make significant adjustment
to the possibility of human interplanetary settlement – but the future
generations of life which may vary in
status, constitution and heritage well
beyond our current imaginings.

”

A rigorous process of re-evaluation is
recommended to consider the rationale and ethics particular to the current legal frameworks and how they
may need to be adapted for the specific considerations of lunar settlement. An analysis of communication
instrumentation and the processes
for long-term dialogue should follow,
based on the assumption that lunar
social governance frameworks will
reflect the specific dimensions of life
on Luna Gaia and eventually make
them independent of Earth-based
frameworks and jurisdictions.

Recommendations:
•

•

The establishment of an international scientific working group to
be responsible for recommending
networked instrumentation and
protocols.
States should endeavor to promote the dissemination of information through education
networks to foster the continued
ethical consideration of space related activities and exploration.

Figure 20
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Business
Business Model
A venture of the magnitude, complexity and
ambition of Luna Gaia is inevitably associated with high cost. Still, the undertaking is
on a scale requiring new financing models to
complement the traditionally public-led, single nation space exploration program.

In light of these facts, international cooperation and involvement of private industry move
from desirable to necessary and to the forefront of the business model required to support the project. (Figure shows a model for a
Public-led Public-Private Partnership)

Figure 21

Public relations plays a major role in winning and maintaining the interest and support of both
the mass media and general public. The public component of financing is especially vulnerable to bad press, so strategies are devised to avoid it.

Cost
Estimated total cost: $ 24,43 billion (USD 2005).
This estimate is based on extrapolation of the ESAS baseline of $ 83 billion.
This top-level evaluation of program cost in relation to
NASA’s Exploratory Systems Architecture Study (ESAS) cost
estimate indicates that the Luna Gaia concept is realistic in
terms of financing, but it also reinforces that new business
paradigms will be required.

14
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Earth Applications
Bringing Benefits Back to Earth
By definition, the design of a closed-loop lunar habitat will necessitate the
development of innovative technologies, innovative uses of existing technologies, and innovative operational strategies and knowledge.

The identification of potential
Earth applications has been a
primary consideration throughout
our entire research and design efforts.
Figure 23

The Range of Potential
A wide range of potential applications could contribute significantly to the
sustainable development and resource managment of Earth. Critical fields
of knowledge that could benefit from the expertise, experience and enabling technologies developed for Luna Gaia include:
Food production optimization
Soil renutrification
Waste management
Water filtration and recycling
Air quality monitoring
Contamination technologies and prevention
Mining techniques and technologies
Power generation

Recommendations
•
•
•

Develop an international and cross-cultural forum to investigate the
strengths of different economic, social and political systems on the
Moon.
Create a clear-cut property rights regime on the Moon
Create an international space exploration agency to coordinate lunar
missions

A detailed case study of microalgae bioprocessing to convert carbon dioxide
into oxygen is presented in this report, as a promising example of Earthbased applications.
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Conclusion
Throughout our evolution, human innovation has created technologies that have enabled
humans to explore and to adapt to different environments. Since the dawn of the Space Age,
humans in outer space having been relying on life support technologies largely based on outdated methods developed from the 1940’s to 1960’s. As space exploration enters into a new
phase innovative ideas are needed to bridge the technology gap between old physico-chemical systems and new bioregenerative systems. Humankind’s leap from its terrestrial cradle
into permanent extraterrestrial settlements and the next stage of human civilization requires
not only supporting new technologies but also a critical change in philosophy. Development of
biotechnology in the last few decades has built new tools and techniques necessary to close
the life support loops for a lunar habitat.
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