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Introduction
The launch of the Artemis program clearly demonstrates humanity’s resurging interest in the

Moon and its exploration, and thus the importance of establishing an Australian foothold in the

development of a sustainable lunar ecosystem. Utilising existing Australian expertise across

industry and academia is vital for a significant and successful contribution to this complex

geopolitical landscape. This will ensure Australia is able to competitively engage alongside

existing space leaders.1 The Australian space industry is likely to find its future dictated by its

ability to successfully integrate itself in the advancement of current technological frontiers,

opening the floodgates to funding, partnerships, and public approval, on the basis of contributing

to the development of the Australian economy and humanity as a whole.

The following six recommendations outline how Australia can contribute to a sustainable lunar

ecosystem. These recommendations are addressed to stakeholders including: the University of

Adelaide, Australian Remote Operations in Space and on Earth Consortium (AROSE), Australian

Space Agency (the Agency), Commonwealth Scientific and Industrial Research Organisation

(CSIRO), Space Industry Association of Australia (SIAA), Australian Centre for Advanced

Photovoltaics (ACAP), and other industry and academic groups. The key topics addressed are:

Lunar Sustainable Development Goals (LSDGs), legislation utilising ecological sustainable

development (ESD), domestic policy, space medicine and psychology, lunar infrastructural

development and engineering capabilities, and life-sustaining technologies.

Methodology

As an initial exercise, specific stakeholder profiles were assigned to team members, who then

explored perspective-driven factors affecting their contribution to the lunar ecosystem. Following

this, topic-centred research was conducted via consultation with Subject Matter Experts (SMEs),
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literature reviews, and collaborative discussion. Recommendations were then drafted and

presented to SMEs for feedback. The final recommendations were thus refined and selected.

This White Paper was formulated by a dedicated team of individuals possessing diverse

backgrounds and expertise, following a rigorous process. Nevertheless, the authors recognise the

boundaries of their professional knowledge and experience. It was also necessary to operate

within the fixed scope and timeframe of the Astra program, such that it was not always possible

to consult across the entire breadth and diversity of the Australian space sector.

To ensure the feasibility of the recommendations, the following assumptions are made:

I. Stakeholders will operate on a suitable timescale and will be responsive to developments

across the lunar ecosystem in different sectors.

II. Stakeholders possess sufficient influence and resources to work towards implementation.

III. Stakeholders will cooperate with each other where proposed.

Recommendation 1: Develop and promote the concept of Lunar Sustainable

Development Goals (LSDGs).

Adopted in 2015, the United Nations Sustainable Development Goals (SDGs) revolve around

human experiences on Earth. Extending the concept of sustainable development to the Moon

would promote efforts to secure the longevity of humanity’s activities on the Moon as well as its

benefits to society on Earth. To this end, we recommend the development of the Lunar

Sustainable Development Goals, which should be led by members of the Australian space sector.

This includes the development and promotion of goals, targets and indicators that define quality

of life for humans present on the Moon and sustainability of lunar operations. Additionally, the

LSDGs should highlight the ability of space technologies and projects to have positive impacts

on Earth, as recognised by the UN.2

It is in Australia’s interest to develop well-defined and respected guidelines based on sustainable

development. Reflecting the strategic space pillars set out in the Australian Civil Space Strategy

2019-2028, these guidelines may contribute to the ‘Responsible’ pillar, and assist Australia to

maximise the opportunities arising from rapidly advancing space technology, such as areas

aligned with autonomy, energy, communications, and health.3

The purpose of the LSDGs is to bring together a set of targets that guide the design and conduct

of lunar operations and infrastructure to align with the values of equitable and long-term access

to the benefits of space. Building on the SDGs and related concepts of planetary boundaries and

ESD as a foundation,4 a series of initial LSDG topics are proposed: quality of life, equitable access,

preservation of resources, and preservation of environment. Topics like quality of life highlight the

importance of interdisciplinary collaboration, such as the benefits of taking into account space

psychology research when designing lunar habitats. The inclusion of commitments to
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sustainability-driven innovation,5 technology transfer and democratising space technologies

would follow in the footsteps of the UN’s Space 4 SDGs initiative, with the aim of improving quality

of life on Earth.6

The most prominent similarities between terrestrial and lunar goals include those aligned with

basic human needs and resource utilisation. Access to consistent water, food, and comfort will all

be key aspects of lunar development. Responsible resource use will also remain an important

aspect of the LSDGs, so as to preserve prospects for future development.

Major differences in the lunar context revolve around the Moon’s remoteness and lack of

atmosphere, meaning SDGs concerning air pollution and greenhouse emissions have limited

relevance. Environmental preservation will need to take into account geological/topographical

alterations and orbital debris, which may affect access to certain areas and resources on the

Moon.7 The remoteness and hard vacuum of the Moon would raise concerns around the

availability of oxygen, green spaces, social contact and ‘free space’, and these aspects will likely

see representation in the goals.

Stakeholders who are in a position to lead, develop and promote LSDGs for the benefit of all,

include but are not limited to:

● AROSE, which promotes industry collaboration and technology transfer between the

space sector and terrestrial industries.8

● The University of Adelaide’s Andy Thomas Centre for Space Resources, which possesses

the multidisciplinary expertise to investigate and assess the impact of various space

operations.9

● SIAA, as advocates for businesses and individuals who play a key role in generating and

reaping the benefits of the Australian and global space industries.10

Additionally, consultation with non-space industry organisations, dedicated to sustainable

development, would provide valuable insights into the practical aspects of implementation.11

Collaboration with international interest groups in the area of space sustainability would provide

opportunities for the growth of these guidelines and ensure their relevance internationally given

the importance of broad support for the LSDGs across the lunar ecosystem.12

Overall, we recommend that the Australian space industry begins working towards developing

guidelines and example goals for LSDGs,13 and ensures these are then adequately promoted on a

domestic (including industry and academia partners) and international scale. While the aims of

fostering sustainability will serve as a foundation, the LSDGs may be established as a ‘living

document’ that evolves over time along with emerging research in areas such as lunar in situ

resource utilisation, construction, agriculture and environmental monitoring, and will reflect the

types of operations intended to be undertaken. Ideally, the LSDGs would be presented
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internationally to overseas space agencies, NGOs and multi-national governing bodies with the

goal of expanding upon the guidelines and promoting them beyond Australia.

Recommendation 2: Develop domestic legislation for lunar activities with

ecological sustainable development as its foundation.

The lunar ecosystem provides an opportunity to significantly advance the Australian economy.14

However, despite potential gains, Australia must recognise their responsibility in participating

ethically and sustainably to prevent long-lasting or irreversible damage to the lunar

environment. Societal pressure emphasises this need, stemming from the understanding that

abuse of natural resources results in detrimental, long-term consequences for resource

availability. Therefore, we recommend that the Australian Space Agency encourage the

Government to formulate a strong legislative framework that fosters sustainable space activity

from public and private organisations.15

The concept of ESD,16 and accompanying principles,17 maintains prevalent national and

international legislative backing.18 Therefore, ESD poses as a viable legislative framework for

balancing space innovation with lunar preservation. The precautionary principle will demand

anticipatory action against potential environmental damage.19 Given that restoration of the lunar

environment is predicted to be difficult,20 proactive risk mitigation undertaken by public and

private organisations is crucial in promoting its long-term sustainability. As the principle

maintains sufficient standing as customary international law,21 its implementation would see

Australia’s space legislation aligning with internationally recognised environmental policies. As

ordinary application of the precautionary principle would result in the unrealistic ban of all space

activities due to the uncertain nature and inherent risks of future space activities,22 recognition of

threshold adjustments are proposed to mitigate this issue.

Intergenerational equity and integration stress the importance of nurturing both short-term and

long-term interests.23 With the lunar ecosystem predicted to be a long-term endeavour,24 the

guidance of both principles will safeguard the future of the lunar ecosystem from being depleted

by organisations seeking to exploit the newfound opportunity. The value of the unique lunar

landscape to ongoing research, and the wealth of its natural heritage, emphasises that the

principle of conservation of biological diversity is fundamental to its ongoing preservation and

continuation of these domains. Implementing the principle of improved valuation, pricing and

incentive mechanisms would be highly influential in encouraging public and private

organisations to conform with sustainable practices, avoiding significant environmental

detriment. The ‘polluter pays’ principle, that an entity undertaking an environmentally hazardous

activity should bear the risk of any accompanying damage,25 is an example of an appropriate
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initiative. While this can be criticised as merely attaching a price-tag to inflicting environmental

harm,26 the principle can be shaped to invoke significant responsibility to those it applies to.

The adoption of ESD is ideal as the concept already exists within Australian legislation and

predictably requires minimal amendments to apply to the lunar environment,27 acting as a

precedent to assist with integration into future legislation and reducing development time. The

internationally-recognised status of ESD additionally increases the opportunity for diffusion of

application to the international level.28 However, challenges pertaining to ambiguity will need to

be addressed through improved legislative drafting and formulation of clearer guidelines for

practical application.29

In addition to the LSDGs detailed in Recommendation 1, the concept of ESD and its

accompanying principles should be enshrined within all future legislation dealing with the lunar

environment and associated activities. In doing so, public and private organisations will be

encouraged to achieve ESD or face the possibility of legal challenge. Further, the implementation

is both time and cost-effective given it will merely be an additional step within the legislative

process and not a new legislation. Overall, ESD and its associated principles present a strong

legislative framework to satisfactorily promote sustainability within the lunar ecosystem.

Recommendation 3: Facilitate interdisciplinary initiatives to research and

develop policies surrounding Australia’s space activities.

Australia is still in the early stages of developing regulations and governance for space

activities.30 The future development of legislation and policies relating to Australian space activity

will be imperative to responsibly foster the growth of the Australian space economy. As such, it is

more important than ever to be conducting policy research related to Australia’s future lunar

activities that is responsive to the fast pace of technological developments. The research

ecosystem outlined in this recommendation is intended to complement and potentially

galvanise the ongoing processes of space law and policy development in Australia.

The proposed research network should facilitate formulation of future regulations and policies by

engaging experts from a range of backgrounds, including government and commercial space.

Collaboration with institutions from around Australia opens up dialogue that engages a diverse

set of perspectives and helps raise the profile of different issues. Student participation should

also be encouraged through research projects and scholarships. In this way, initiatives may be

representative of present and future interests of every relevant stakeholder in the space industry.

Where this recommendation differs from existing initiatives is the bridging of the technology

fields with policy research. While there are currently institutions that focus on developing policies

or technologies for the space industry, there is an opportunity to bridge both sides of these
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developments at a national level.31 In turn, this will create valuable opportunities to continuously

foster and be at the forefront of ongoing policy discussions shaping the industry.

The University of Adelaide is in a prime position to promote cooperation to address existing gaps

in legislation and policies relating to Australia's space activities. The University has played an

important role in facilitating Australia’s space endeavours, notably the Woomera Manual and

Andy Thomas Centre for Space Resources.32 The University’s proximity to the Australian Space

Agency also puts them at an advantage for being at the forefront of the space scene in

Australia. Through leadership in this endeavour, participating institutions would be attractive

recipients of funding and grants targeted to the space industry. Furthermore, it will enable the

University to attract and provide opportunities for future students, academics, and collaborators

interested in being part of Australia’s rapidly growing space industry.

Some areas of interest which should be considered by this initiative include:

● Facilitating efforts to develop LSDGs, as suggested in Recommendation 1;

● Reviewing the application of ecologically sustainable development principles to the

activities of space agencies and corporations, as well as possible processes for its

implementation, as suggested in Recommendation 2;

● Regimes for natural and cultural heritage identification and protection in space;

● The role that legislation may play in encouraging and enabling the growth of Australia’s

commercial space sector;

● Corporate social responsibility (CSR) for commercial space companies, including the

development of ways to measure the performance of corporations in space.33

The envisioned ecosystem of research institutes and space industry stakeholders would facilitate

collaboration to identify priority areas for policies and reform. A challenge of space law and

policy is that the policies and regulations, particularly with respect to the Moon, require long term

commitment and striking a balance between current and future governance needs. This

underscores the value of involving students in research activities to ensure that the future of the

space industry is being represented and current discussions about space policies are carried

over with the future generations of space professionals and policy makers.

Recommendation 4: Support and coordinate the development of research

programs and training programs for space medicine and space psychology.

Increased participation in a lunar ecosystem implies increased long-term presence of humans in

space.34 As a result, it is necessary to develop an improved understanding of the physiological

and psychological effects of spaceflight and lunar habitation on the human body. Health risks

documented by NASA’s Human Research Program include cancers, cardiovascular and
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neurodegenerative disorders resulting from space radiation; exacerbated bone and muscle loss

in low gravity environments; and behavioural and cognitive health decrements due to isolation

and confinement.35 In addition, the Moon’s inaccessibility indicates that many treatments for

astronaut disorders will be reliant on remote health techniques.36 The seriousness of these

impacts necessitates developing the ability to understand, prevent and treat associated health

risks as comprehensively as possible, in support of a sustainable lunar ecosystem.37

Notably, Australia possesses significant national research and development expertise in

psychological, physical, and remote health which may be directed towards important space

objectives.38 This has already been demonstrated by stakeholders in academia including the

Universities of Adelaide,39 Wollongong,40 and Tasmania.41 More generally, facilities, centres and

organisations such as the Centre of Antarctic, Remote and Maritime Medicine (CARMM),42 the

Australasian Society of Aerospace Medicine (ASAM), and the Australiasian College of Aerospace

Medicince (ACAsM) demonstrate the breadth of national knowledge and interest in space health.

By focusing the application of this expertise, Australia is presented with the opportunity to make a

significant contribution to international space endeavours and ensure astronaut safety.

A further niche is the provision of trained healthcare professionals for space, either as astronauts

or Earth-based telehealth practitioners; the importance of accessible health consultations has

been underscored by the COVID-19 pandemic.43 Australia is well-placed to contribute via the

expansion and coordination of its space medicine and space psychology training programs,

such as those administered by the University of Tasmania for remote health and aerospace

health.44 Resultant advances in research and training would also broadly benefit terrestrial health

applications and accelerate the local biomedical industry.45

In support of the above outcomes, Australia should pursue two key avenues:

I. Prioritise research in Australian areas of expertise (including radiation and reduced

gravity effects, astronaut psychology, telehealth, and space analogue research).

II. Coordinate the development of Australian space medicine and space psychology

training programs, such that they are certified, globally competitive, and provide the

necessary skills to enable consistent space healthcare.46

The first proposal is directed at the Australian Government, for administration of national focus

and funding; and at research hubs, including the University of Adelaide and CARMM, to explore

opportunities for growth and collaboration. This could be accomplished via applications for

Australian Research Council (ARC) Centre of Excellence status or similar in the space medicine

and space psychology fields. The second proposal is directed at the University of Tasmania and

CARMM, for facilitation of training; and the Australian Health Practitioner Regulation Agency

(AHPRA), ASAM and ACAsM, for regulation and consultation.
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Recommendation 5: Apply Australian expertise in remote operations,

autonomy, materials and manufacturing to provide key engineering

capabilities within the lunar ecosystem.

A self-sufficient, sustainable, and scalable lunar ecosystem (as per the envisioned LSDGs of

Recommendation 1) requires the adaptation of many terrestrial activities to the Moon.47 Enabling

these activities requires adapting critical terrestrial engineering capabilities to the lunar

environment. Remote operations and autonomy are among the most vital technologies for

conducting flexible,48 long-term operations in the presence of hostile environmental factors and

limited personnel.49 In-situ resource utilisation (ISRU)50 is also necessary to allow lunar production

and habitation given high transport costs and sparse access to external resources.51 Current

research programs and roadmaps demonstrate significant interest in fulfilling these engineering

needs,52 and Australia is well-placed to contribute.53

Principles of remote operations and autonomy are already leveraged at large scales by the

Australian agriculture, mining and telehealth sectors, resulting in foundational knowledge that

can be usefully applied to space.54 For example, best practices from the mining sector in

autonomous asset management may be adapted to control complex activities on the lunar

surface. Australia also possesses globally-recognised expertise in autonomy which has been

turned towards enabling lunar technology platforms.55 Industry strengths are further represented

by new, collaborative initiatives and world-leading facilities such as the AROSE consortium and

Space Automation AI Robotics Control Complex.56 This suggests opportunities for

cross-pollination: consider usage of local Internet of Things satellite expertise to facilitate

communications during lunar remote operations.57

Similarly, major ISRU system components are incorporated by the Australian mining industry.

National knowledge regarding resource exploration, extraction, transport and utilisation may

assist the development and validation of equivalent architectures for space.58 Broader ISRU

research is supported by a variety of Australian stakeholders, such as the Andy Thomas Centre

for Space Resources and the CSIRO.59 Of added interest are the intersections between materials

and manufacturing expertise within Australia and internationally,60 such that research into

advanced materials and lunar manufacturing can be conducted in tandem.

These examples suggest Australia is uniquely positioned to build upon its technical expertise to

become a key enabler of a robust lunar ecosystem, while simultaneously growing the local

engineering economy and knowledgebase. Given the range of topic areas and stakeholders

involved, it is proposed to apply ‘triple-helix’ collaboration between industry, academia, and

government.61 This type of collaborative development may improve overall outcomes by taking

full advantage of the strengths of different sectors; facilitating two-way technology transfer, such
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that lunar solutions for autonomy and manufacturing also benefit terrestrial industries;62 and

facilitating greater international influence and impact. Similar principles are demonstrated by the

existing Australian Cooperative Research Centre (CRC) framework.63

To achieve these outcomes, new CRC (or similar) initiatives should be formed around the core

areas of:

I. Autonomy and remote operations.

II. Materials, manufacturing and construction for space.

This recommendation is directed at the Australian government and Australian Space Agency for

administration of funding and submissions; the AROSE consortium, as a focal point for the first

CRC; and the University of Adelaide, as a focal point for the second CRC. A stated aim should be

to demonstrate continuous deployment of resultant technologies on the Moon as part of

commercial and/or Artemis missions in the short-to-medium term,64 in support of measurable

impacts and the LSDGs. The Australian Space Agency, AROSE, and representative organisations

should also take an active role in promoting wider usage of resultant technologies to enable

desirable lunar objectives (by other national and international stakeholders).

Recommendation 6: Apply Australian expertise in agriculture and energy

generation to adapt existing and develop novel technologies to support a

permanent human presence on the Moon.

Permanently sustaining human life on and around the Moon requires the development of a

multitude of life supporting technologies. Similarly, minimising the critical risks and costs of space

settlement requires improving the self-sufficiency of lunar habitats.65 Australian expertise in

energy production and agriculture provides a strong foundation for addressing these issues.

Prior plant growth experiments have been conducted in a microgravity environment and suggest

that staple crops, such as potatoes, cannot grow normally in lunar gravity.66 Additionally, these

experiments were not designed to test the scalability of agricultural systems necessary to

support permanent human habitation in a lunar environment.

Current Australian research and industry leaders are already working to overcome knowledge

gaps by leveraging existing technologies and expertise. For example, Australian growers

commonly suffer from unreliable rainfall and water resistant soils and are thus highly invested in

efficient water usage. This knowledge can aid space-based systems in becoming more resource

efficient.67 Relevant techniques developed by Australia’s agriculture research industry, particularly

the CSIRO, could be transferred to solve similar issues that will be faced on and around the Moon.

Additionally, the Plants4Space ARC Centre of Excellence, led by the University of Adelaide, is

currently working on plant production systems for use in space.68
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The Plants4Space research centre and CSIRO should form, and increase, cooperative

partnerships with domestic growers, agricultural companies, universities and agricultural

research groups to adapt existing ground-based technologies for use in microgravity and low

gravity environments. Specific examples include the CSIRO’s Water Use Efficiency initiative and

research into water repellent soils.69 Australian industry and partners should also aim to launch a

resulting technology demonstrator mission to NASA’s Lunar Gateway station or subsequent lunar

base camp as soon as it is feasible to do so.

A sustainable and permanent human presence on the Moon also requires further research into

and development of energy generation technologies. As fossil fuels are not available in a lunar

environment, renewable sources (such as solar and hydrogen from water/electrolysis) will be

essential to power production on the Moon. This is critical to life sustainment and, in the case of

hydrogen generation through electrolysis, will also produce vital oxygen. Notably, the Australian

energy industry is a net exporter of energy produced and a global leader in renewable source

production and development.70

Hydrogen investment in Australia has reached $133-$185 billion as of 2022.71 With this expenditure

for development and a successful pipeline and fuel-adjacent industry already present, the

logical next step is towards space utilisation. The Australian Centre for Advanced Photovoltaics

(ACAP), has received $45 million for its “cutting-edge solar photovoltaic” research, with

partnerships in the Australian Renewable Energy Agency (ARENA) and universities across

Australia.72 Australian research and industry have made extensive advancements in renewable

energy sectors, furthering the ability and feasibility for meaningful contribution in this sector.73

ARENA, ACAP and Australian universities should seek further funding and pivot the application of

their research to space (approaching both industry and government for usage and funding). The

Australian hydrogen industry should also expand operations to the space sector, as a joint effort

with advanced research conducted in academia (particularly the University of Adelaide’s

Institute for Sustainability, Energy and Resources). Improvements in solar and hydrogen

technology that result should additionally be applied to the domestic market where possible, and

publicised to promote continued investment in space sector development.
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Recommendations

Recommendation 1: Develop and promote the concept of Lunar Sustainable Development Goals

(LSDGs). This recommendation is directed to the University of Adelaide, AROSE, SIAA and the

Australian space community more broadly.

Recommendation 2: Develop domestic legislation for lunar activities with ecological sustainable

development as its foundation. This recommendation is directed to the Australian Government

and Australian Space Agency.

Recommendation 3: Facilitate interdisciplinary initiatives to research and develop policies

relating to Australia’s space activities. This recommendation is directed to the University of

Adelaide in collaboration with universities and research institutes around Australia.

Recommendation 4: Support and coordinate the development of existing research programs

and novel training programs for space medicine and space psychology. This recommendation is

directed to CARMM, the University of Adelaide, the University of Tasmania, ASAM, ACAsM, and the

AHPRA.

Recommendation 5: Apply Australian expertise in remote operations, autonomy, materials and

manufacturing to provide key engineering capabilities within the lunar ecosystem. This

recommendation is directed to the Australian Government, Australian Space Agency, AROSE, and

the University of Adelaide.

Recommendation 6: Apply Australian expertise in agriculture and energy generation to adapt

and develop existing technologies to support a permanent human presence on the Moon. This

recommendation is directed to the University of Adelaide, Plants4Space, the CSIRO, ARENA, and

ACAP.
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