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ABSTRACT

This research examines the prospects for extraterrestrial resource extraction, particularly emphasizing Chile’s
distinctive ability to emerge as a leader in this nascent sector. The analysis covers advanced technologies, such as
artificial intelligence, robotics, and satellite geospatial analysis, crucial to obtaining materials from extraterrestrial
entities, such as asteroids and lunar bodies. Chile’s extensive mining experience, particularly in extreme
environments exemplified by the Atacama Desert, positions the country in an advantageous position to adapt these
modern technologies to extraterrestrial applications. An assessment of the economic viability of space mining is
made, with projections indicating that asteroids may host resources of immense value, potentially amounting to
trillions of dollars. However, considerable obstacles are recognized, including significant upfront investments and
regulatory impediments. Public-private partnerships are advocated to alleviate financial uncertainties and build on
established mining expertise. Furthermore, the importance of technological progress, particularly in autonomous
systems and in the use of in-situ resources, is highlighted as a critical element for the success of space mining
initiatives. This analysis postulates that, through strategic financial commitments and collaborative efforts, Chile
could assume a fundamental role in the future landscape of space mining, thus contributing to economic
advancement and resource sustainability.
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RESUMEN

En esta investigacion se examinan las perspectivas de la extraccién de recursos extraterrestres, haciendo especial
hincapié en la capacidad distintiva de Chile para convertirse en un lider en este sector naciente. El analisis abarca
tecnologias avanzadas, como la inteligencia artificial, la robética y el analisis geoespacial satelital, cruciales para
obtener materiales de entidades extraterrestres, como asteroides y cuerpos lunares. La amplia experiencia minera
de Chile, en particular en entornos extremos ejemplificados por el desierto de Atacama, coloca al pais en una
posicion ventajosa para adaptar estas tecnologias modernas a aplicaciones extraterrestres. Se realiza una
evaluacion de la viabilidad econdmica de la mineria espacial, con proyecciones que indican que los asteroides
pueden albergar recursos de inmenso valor, que potencialmente ascienden a billones de ddlares. Sin embargo, se
reconocen obstaculos considerables, incluidas importantes inversiones iniciales e impedimentos regulatorios. Se
aboga por las asociaciones publico-privadas para aliviar las incertidumbres financieras y aprovechar la experiencia
minera establecida. Ademas, se destaca la importancia del progreso tecnoldgico, en particular en sistemas
auténomos y en el uso de recursos in situ, como un elemento critico para el éxito de las iniciativas de mineria
espacial. Este analisis postula que, a través de compromisos financieros estratégicos y esfuerzos de colaboracion,
Chile podria asumir un papel fundamental en el futuro panorama de la mineria espacial, contribuyendo asi al avance
economico y la sostenibilidad de los recursos.
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INTRODUCTION

Space mining represents a transformative opportunity
for resource extraction, leveraging advancements in
artificial intelligence and robotics to enhance
operational efficiency and sustainability. Companies
like Karman+ (https://www.karmanplus.com) are
pioneering missions to mine near-Earth asteroids,
aiming to capture regolith and assess the economic
viability of such endeavors, despite uncertainties
regarding asteroid material characteristics (Siltala et
al., 2024). Concurrently, nations such as China are
actively developing policies to regulate extraterritorial
mineral exploration, emphasizing the need for
transparent legal frameworks to support strategic goals
in space mining (Yu, 2024). Ethical considerations are
paramount, Due to the potential disruption of existing
fuel economies needs responsible resource
management and accountability for environmental
impacts is paramount (Kendal, 2024). Furthermore, the
technical challenges of mining celestial bodies,
including the extraction of metals from asteroids and
the application of innovative quarrying methods,
highlight the complexity of this emerging industry
(Russell & Mokal, 2024) (Chpolianski & Zhang, 2024).
Thus, the intersection of technology, policy, and
sustainability is critical for the future of space mining.

STUDY AREA

Space mining is conceptualized as a developing
research field that amalgamates engineering,
economics, and  environmental = management
dimensions. This research focuses on assessing the
economic and technological feasibility of obtaining
resources from extraterrestrial entities, including
asteroids and the Moon, within a global framework that
seeks alternatives to diminishing terrestrial resources.
The research operates under the hypothesis that space
mining has the potential not only to produce valuable
materials but also to mitigate dependence on Earth’s
finite resources. The scope of the study is
systematically delineated in several phases, beginning
with an analysis of contemporary business paradigms
in space and meteoric mining, incorporating
considerations such as cost-benefit analysis and return
on investment (ROI) relative to terrestrial mining
practices. Furthermore, the essential technologies that
enable resource extraction in extraterrestrial
environments are examined, including artificial
intelligence, robotics, and satellite imaging, with a
particular emphasis on Chile’s forward-looking
contributions in this domain, in light of its remarkable
advances in the astronomy and mining sectors. The
research also includes the need for a sustainability
framework that assesses the economic viability and,
the social and environmental ramifications of space
mining initiatives. This is vital to ensure that

extraterrestrial mining operations are executed
responsibly and ethically, thereby avoiding undue
exploitation of space resources. In this regard, the
study aims to improve understanding of how space
mining can be assimilated into a sustainable
development paradigm, in harmony with contemporary
movements towards a circular economy and
environmental conservation.

The present had four phases:
Phase 1:

Evaluating the economic viability of current business
models in space and meteorite mining, considering
factors such as cost-benefit, return on investment (ROI)
and customer acquisition costs compared to terrestrial
mining:

The economic viability of space mining and SpaceX’s
technological contributions, must be analyzed within a
comprehensive sustainability framework that considers
environmental, social, economic, and geopolitical
aspects. As has been noted by (L. Siltala et al.,2024),
asteroid mining could reduce dependence on Earth’s
exhaustible resources, but ensuring a responsible
approach is critical to avoiding overexploitation of
space resources. By employing reusable rockets,
SpaceX has decreased the environmental impact of
space launches, demonstrating a more sustainable
approach to future space operations. (Russell and
Mokal 2024) warn that without proper management of
the benefits of space mining, they could become
concentrated in the hands of a few, exacerbating
economic inequalities and presenting similar
challenges to those faced by extractive industries on
Earth.

From an economic and geopolitical perspective,
(Chpolianski and Zhang, 2024) suggest that harnessing
space resources could alleviate the scarcity of energy
and minerals on our planet. However, they also point
out that competition for these resources could lead to
international tensions if adequate global regulations are
not established. SpaceX, being a key player in the
commercialization of space, could increase the
concentration of economic and technological power,
exacerbating inequalities between countries. For their
part, (Pefa-Asensio et al., 2024) highlight the
importance of extracting water and minerals in space,
essential elements for the sustainability of missions,
which also reduces transportation costs from Earth and
favors long-term economic viability.

(Maxwell Fleming et al., 2023) propose that, if properly
managed, space mining could establish a new model
for sustainable growth by meeting the demand for
critical minerals without causing damage to terrestrial
ecosystems. However, they warn that, without global
regulation, the benefits of space mining could be
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concentrated in a few actors, increasing social
inequalities and international tensions.

Regarding the cost-benefit analysis of space mining,
especially in the case of asteroids and meteorites, a
significant return on investment (ROI) potential can be
achieved despite the high initial acquisition costs.
Asteroids, especially near-Earth asteroids (NEAs), are
estimated to contain valuable minerals and volatile
substances, making them economically attractive for
mining operations (Srivastava et al., 2022) (Calla et al.,
2018). The development of small spacecraft for mining
could reduce costs, as the unit cost is estimated to be
approximately US$113.6 million, which would require
more than one hundred spacecraft to achieve financial
viability (Calla et al., 2018). Furthermore, the
exploitation of Martian moons such as Phobos and
Deimos could generate a profit margin of at least 10%
due to lower extraction and transportation costs
compared to Earth (Leonard et al., 1986). However, the
long-term nature of these operations, projected over a
period of 20 to 30 years, requires careful planning and
collaboration between space agencies and private
entities to confirm mineral abundance and mitigate
risks (Sommariva, 2015) (" Space Mining ", 2023).

Phase 2:

Examine the environmental and social impacts
associated with space and meteorite extraction
activities, investigating the potential of this industry to
reduce dependence on terrestrial mining or to produce
new environmental externalities, as well as its
implications for communities located in the vicinity of
this sector:

Over the past decade, private investors have funded
half a dozen companies seeking to tap the resources
contained in several nearby asteroids.

(Hein et al.,, 2018) investigated this aspect of
extraterrestrial platinum and water mining, focusing on
greenhouse gas emissions. They showed that there is
a significant environmental benefit to asteroid mining,
when comparing the alternatives, they considered
(terrestrial mining, launching individual space mining
missions, and permanent mining operations in space),
while also warning of the impact that asteroid mining
may have by adding to the growing problem of space
debris. Those authors found that, to have a positive
environmental impact on Earth, a space mine would
need to return to Earth between 0.3 and 7% of the
spacecraft’'s mass in platinum, depending on the scale
of the operation.

(Furthermore, Fleming et al., 2023) studied the
transition from terrestrial to space mining to determine,
the environmental and economic impacts of such a
transition. Several aspects were considered, including
the decreasing costs of space launches and how these
affect the long-term prospects of the transition to
space-based mining and the projected increase in

resource demand, considering the unknown quantities
of resources in objects such as asteroids. While it is
known that certain asteroids contain certain resources,
the quantities of each resource include in each asteroid
are mostly unknown; however, with more asteroid
missions planned, it should soon be possible to assess
these quantities directly. By employing a growth model,
they mapped out a potential future for space mining.
The authors concluded that: first, a shift from terrestrial
to space mining is feasible, second, the costs of
extraterrestrial mining will decrease as investment in
this technology increases. Third, as resource costs on
Earth rise due to scarcity, this upward trend in resource
costs could be reversed by space mining, which could
accelerate the transition to clean energy.

While extraterrestrial mining remains hypothetical,
there is good evidence that several practical aspects
are being addressed, so that it may be unrestricted to
the realm of the hypothetical in the medium-term future.
Over the past decade, more than 15,000 asteroids
have been identified as having significant potential for
mining. Theme time the upfront costs of space mining
may be lower (see Phase 3, below).

While the resources required may initially seem
prohibitive, the potential value of the available
resources should outweigh the initial outlay. It has been
estimated that the 10 closest asteroids to Earth, the
most accessible for mining, could generate a profit of
US$1.5 trillion, while over 500 known asteroids, more
distant and more difficult to mine, are estimated to each
contain over US$100 trillion in resources. Furthermore
medium- and long-term advances in space
technologies may positively impact Earth, eliminating
the need for terrestrial mining practices that pollute
groundwater and aquifers. Space mining may also lead
to the production of solar power satellites — satellites
that collect solar energy and transfer it to Earth — a
potential form of abundant clean energy (for example,
see (Fikes et al., 2002); (Fikes, et al., 2022).

Another aspect of space mining is the possibility that it
may lead to sustainable growth. In comparison finite
resources make the infinite growth of humanity and the
resources needed to sustain us impossible.

However, there are also potential negative
consequences. Rich wealthy countries are more likely
to engage in space mining than less wealthy countries,
which may deepen the economic gap between the
richest and the poorest.

Establishing means to ensure equitable access to
resources extracted from space mining activities will be
essential to ensure that economic inequality between
nations does not widen (Dallas et al., 2020).

Another social aspect of space mining is the question:
how does society perceive it as a whole? Does it seem
socially acceptable? One of the important things to
recognize about space mining is:

Mining is considered more socially acceptable than
terrestrial mining. This important aspect is often
overlooked because its acceptability does not seem to
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depend on people’s views on ecological fragility,
political ideology or individualistic/hierarchical
worldviews. In contrast, these factors strongly influence
attitudes towards terrestrial mining, (Hornsey et al.,
2022).

As for the effect that space mining may have on Earth-
based communities that rely on mining for their
livelihoods, it likely has little impact, at least in the short
to medium term. By its very nature, space mining will
have to be mostly, if not entirely, automated. Therefore,
the people involved in developing space mining
technologies are unlikely to be involved in terrestrial
mining, meaning that space mining is unlikely to take
jobs away from terrestrial miners, at least in the short
to medium term. There may even be benefits to
terrestrial mining operations, as advances in the
technologies needed for space mining will also be used
for terrestrial mining. At least in the foreseeable future,
the impact on communities that rely on terrestrial
mining, appears minimal. (Saydam, 2022).

Many examples of technological advancements have
had a positive social impact in various fields. One of
them is computer gaming. The rise of artificial
intelligence (Al), which was once exclusive to the realm
of gaming, from the early Al chess programs of the
1960s to modern creatures and non-player characters
in modern video games, has led to advancements such
as home assistants like Siri and Alexa. Subsequent
advancements in these technologies have given rise to
modern Al chatbots like chatGPT, arguably one of the
greatest Al advancements in modern times.

Initially driven by gaming, these advances have
undoubtedly had positive societal effects. Examples
include the medical use of machine learning models,
which help process medical data and provide medical
professionals with important insights that improve
health outcomes and patient experiences (Barua et al.,
2022); (Spratt et al., 2023). Further examples can be
seen in basic science research (Khalifa and Albadawy,
2024), education (NegoiE>Af and Popescu, 2023), and
business (Soni et al. 2020). While there are potential
downsides to Al in certain settings (for example, many
workers are wary of Al systems because they perceive
them as a threat to their jobs), the benefits, as
described above and, for example, (Zirar et al. , 2023),
are tangible.

Gaming has also been a major driver of the
advancement of computing hardware (Baer and Hui
2019), leading to much faster computers and graphics
processing units (GPUs) that in turn benefit basic
scientific research, such as in astronomy and
astrophysics (Fluke et al., 2011); (Shan-Ping You et al.,
2021) and research on the human brain (Wallis et al.,
2023).

Spaceflight is another example of technological
advances driven by a specific field. Advances in
spaceflight have allowed humanity to enjoy the societal
benefits of portable computers, better artificial limbs,
freeze-dried food, memory foam, and aluminum

blankets for emergencies, (see, for example, the Jet
Propulsion Laboratory).

Given the societal benefits derived from these
technologies, which were unknown at the time of their
development, it would be naive to think that any
technology developed for space mining would not have
future, as yet unknown, beneficial societal
consequences outside of space mining itself.

Phase 3:

Identify and compare key technologies and advances
in space and meteorite mining, assessing the
innovation potential and opportunities that may arise
from Al, advanced robotics, satellite mapping,
contemporary observatories and other cutting-edge
instruments, with a particular focus on the participation
of Chile in this field.

Space and meteorite mining are an emerging field with
the potential to significantly transform our
understanding of mining, offering valuable research
opportunities and educational experiences. Recent
technological advancement such as artificial
intelligence, robotics, satellte mapping and
observatories hold tremendous promise for this sector.
Chile, a recent hub in astronomy and mineral
extraction, is well positioned to play a crucial role in
space and meteorite mining. We highlight key
technologies and advancements in relation to how they
may shape the future of space mining.

Artificial intelligence is significant in space exploration
and mining, where vast amounts of data need to be
processed quickly and accurately. An artificial
Intelligence and machine learning can play a crucial
role in space mining by enhancing the identification,
analysis, and extraction of valuable resources from
asteroids and other celestial bodies. For example,
using machine learning algorithms it is possible to
analyze satellite images and spectral data to detect and
map potential mineral deposits on asteroids. This helps
identify areas rich in valuable materials like water,
metals, and rare earth elements. Moreover, machine
learning models can predict the concentration of
minerals or the feasibility of mining certain regions,
optimising mission planning and resource utilization
(Dumakor-Dupey & Arya, 2021), (Garcia-del-Real, J. &
Alcaraz, M., 2024). Artificial Intelligence research
capabilities in Chile and its expertise, could be
leveraged to develop Al systems tailored to space
resorse extraction. (Navarro, 2018), (Guzman et al.,
2023). Advanced robotics is also an important area of
research and hence robotics is the backbone of space
mining, enabling the execution of tasks that are too
dangerous or impossible for humans. Robotic
spacecraft and probes can explore and extract
resources from asteroids and moons. Robots can
autonomously drill, excavate, and transport materials in
space. They are essential for studying and processing
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resources with minimal human intervention. This is well
connected to advances in artificial intelligence.
Subsequently, machine learning can improve the
autonomy and precision of robots, allowing for longer
missions and deeper explorations into space mining. In
this respect, the mining industry in Chile already uses
robotics in harsh environments, such as high-altitude
copper mines. This experience could be directly
transferable to space mining projects (Ruiz-del-Solar et
al., 2016).

Satellite mapping and remote sensing technologies
have evolved to allow high-precision mapping and
analysis of celestial bodies. These technologies enable
us to assess the composition, location, and quantity of
resources on asteroids, the moon, and other celestial
objects. Satellite-based spectral analysis helps
determine the mineralogical content of distant bodies,
identifying rich mining sites without direct sampling.
High-resolution imaging from satellites can reduce the
uncertainty of mining missions and minimize risk by
providing real-time updates. Astronomical
observatories in Chile, such as those in Atacama, and
the country’s location in the southern hemisphere give
it a strategic advantage in satellite tracking and space
monitoring, positioning Chile as a hub for space data
collection and analysis (Serjeant et al., 2020), (Kim et
al., 2023). Telescopes and observatories are essential
for identifying and tracking near-Earth objects (NEOs)
with mining potential. Advances in optical and radio
astronomy improve our ability to locate resource-rich
asteroids. Observatories can detect asteroids or
planetary bodies with rare metals, water, and other
valuable resources. The  Atacama Large
Millimeter/submillimeter Array (ALMA) in Chile is
already contributing to space exploration by providing
detailed imagery and data from distant parts of the
universe. Combining observatory data with artificial
intelligence and satellite imaging can refine our
understanding of space environments and their
resources.

Chile home to some of the world’s most advanced
astronomical observatories of the world, making it a key
player in identifying targets. Its clear skies and
advanced infrastructure are at the country at the
forefront of space research (Andrea, 2015), (Cabuk &
Cabuk, 2021), (Jakhu & Pelton, 2017). In addition to
these aspects, advancements in spacecraft and
propulsion technologies also need to be considered.
The development of new propulsion systems is
essential for making space mining economically viable.
lon propulsion, solar sails, and nuclear propulsion are
some of the emerging technologies that allow for
efficient long-term missions to asteroids and other
celestial bodies. Advanced spacecraft can transport
mining equipment to distant locations in the solar
system and return mined materials to Earth or space
stations. Traveling long distances with minimal fuel
opens up new possibilities for mining operations on a
commercial scale (Johnson et al., 2013), (Jakhu &

Pelton, 2017). Chile could contribute to the global
supply chain of space exploration, building components
for spacecraft or supporting launch facilities with its
infrastructure. In-situ resource utilization (ISRU) which
is crucial for space mining (Sanders et al. ,2022). These
tools allow mining operations to use materials found on
asteroids or the moon to create fuel, water, and even
construction materials for long-term missions. Instead
of bringing everything from Earth, ISRU allows
spacecraft and bases to produce what they need from
local resources. In this regard, self-sustaining missions
could revolutionize space mining, reducing costs and
expanding the potential for human presence in space.
The mining expertise of Chile, particularly in resource
extraction and processing, makes it a valuable player
in the development of ISRU technologies for space
(Mueller & Susante, 2012), (Ellery, 2022).

Additionally, mining asteroids for rare materials could
be a multi-trillion-dollar industry. The discovery of water
in space could also provide a fuel source for future
missions. Space mining requires enormous investment
in robotics, artificial intelligence, and space travel
technology. However, as these technologies mature,
costs are likely to decrease. Combination of expertise
in astronomy, mining, and technology puts Chile in a
unique position to be a global leader in space mining.
Our country could leverage its scientific talent,
infrastructure, and natural resources to support
international space mining missions.

The future of space and meteorite mining holds
tremendous promise, with technologies such as
artificial intelligence, robotics, satellite mapping, and
observatories playing key roles in advancing the field.
With its rich history in astronomy and mining, Chile is
well-positioned to become a hub for innovation and
collaboration in space mining. Chile can play a central
role in this new frontier of exploration and resource
utilization by capitalizing on its existing infrastructure
and expertise.

Phase 4:

Space mining involves the extraction of valuable
minerals and resources from celestial bodies such as
asteroids, the Moon, and planets. This concept has
gained much popularity due to the depletion of Earth's
resources and advances in space technology:

As both nations and private entities explore space
mining, new business models have emerged that
address economic, technological, and sustainability
factors. Resource extraction from celestial bodies,
including asteroids, the Moon, and Mars, is becoming a
frontier for the resource extraction industry. The
increasing scarcity of critical minerals on Earth, such as
rare earth elements, lithium, and platinum group
metals, positions space mining as a promising
alternative solution. This has attracted increasing
attention due to advancements in space technology
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and the decreasing availability of Earth’s resources.
Economically, space mining presents a high-risk, high-
reward scenario. A Goldman Sachs report estimates
the potential value of asteroid mining to be in the
trillions of dollars, due to the abundance of rare metals
such as platinum, nickel, and cobalt found in asteroids
(Goldman Sachs, 2017). Several space agencies and
private companies, including NASA, ESA, SpaceX, and
companies such as Planetary Resources and Deep
Space Industries, have expressed strong interest in the
sector (Anderson, 2021; Elvis, 2020). National
governments have also taken note of the economic
potential of space mining. For example, the United
States and Luxembourg have created legal frameworks
that allow private companies to own and sell resources
extracted from space (Luxembourg, 2020). Although
space mining technology is still in its early stages,
significant progress has been made in the development
of robotic mining systems, autonomous vehicles, and
remote sensing technologies. e.g. companies such as
Planetary Resources and Deep Space Industries have
designed prototypes focused on automated resource
extraction from asteroids (Bonsor, 2021). Interest in
space mining is further fueled by the increasing
demand for rare minerals and metals on Earth,
particularly as terrestrial resources dwindle and the
need for sustainable practices increases (Gopalan,
2021). Space mining offers the potential to supply
critical materials needed for  technological
advancements, including rare earth elements for
electronics and water for life support systems in space
exploration (Coyle and McGowan, 2020).

With its rich mining tradition, Chile offers a unique
opportunity to integrate space mining into its
established economic, technological and sustainability
frameworks. Renowned for its mining expertise,

adapting and innovating these models could
significantly = affect the  country’s  economic
development. In 2022, mining  contributed

approximately 13.6% of Chile’s gross domestic product
(GDP). Chilean mining companies are well equipped to
operate in extreme environments such as the Atacama
Desert, which shares many characteristics with the
harsh conditions found in space. This experience,
mainly extracting rare earth metals and managing
operations under extreme conditions, provides a solid
foundation for developing space mining activities. The
Atacama Desert, often regarded as an analog of Mars
due to its arid climate, is an ideal site for testing space
mining technologies (Zegers, 2021). Furthermore,
Chile’s National Space Policy actively promotes space-
related activities, including resource extraction from
celestial bodies, through collaborations  with
international space agencies (CORFO, 2020).
Consequently, technological advances in Chile’s
mining sector can be effectively leveraged for space
exploration initiatives.

Based on a comprehensive literature review and
empirical research results, formulate strategies to

improve current business frameworks or design a new
business model for space mining, incorporating
economic, technological and sustainability dimensions.
The economic viability of space mining is a primary
concern, with studies highlighting the immense
potential value of asteroids. As mentioned previously,
estimates suggest that a single asteroid could contain
resources worth trillions of dollars (Lingam and Loeb,
2017). However, the costs associated with launching
mining missions and developing the necessary
technologies are substantial, requiring innovative
business models and partnerships to spread the risks
and resources (Amara and Jansen, 2020). Public-
private partnerships (PPPs) have emerged as a
promising model to facilitate research and development
investment, while leveraging existing mining expertise
(Zegers, 2020). Celestial bodies such as asteroids
contain valuable materials, such as platinum, gold, rare
earth elements, and water ice, which can be used for a
variety of purposes, including fueling space missions.
The global space mining industry is projected to be
worth billions in the coming decades, with companies
such as Planetary Resources and Deep Space
Industries leading these efforts (Lewis, 1997); (Sonter,
2019). Despite this potential, high initial costs and
regulatory challenges present significant barriers to
entry.

With its established mining industry and government
support for space activities, Chile could benefit from
exploring public-private partnerships to ease the
financial burden and risks associated with space.
mining (Jamasmie, 2021). This sector could provide
substantial economic benefits, including reduced
dependence on land-based mining, access to vast
untapped resources, and the creation of new
industries. It is estimated that asteroids alone could
contain trillions of dollars’ worth of precious metals and
water (O'Leary, 2022). By leveraging space mining,
Chile could diversify its mining sector, which currently
dominated by copper and lithium extraction. However,
high costs of space missions, resource extraction
technologies, and the need for international
collaborations remain key economic challenges (Jain,
2021). Chile's mining industry has successfully used
public-private partnerships in sectors such as lithium
extraction, and similar models could be applied to
space mining, where government backing and private
investment could help mitigate high entry costs while
sharing associated risks (Bastida and Walton, 2020).
The public-private partnership model, exemplified in
lithium mining companies, offers a framework for
sharing risks and rewards between government entities
and private companies (Sanchez and Gajardo, 2022).
CORFO (Corporacion de Fomento de la Produccién), a
state agency that promotes industrial development in
Chile, could act as a coordinating body to ensure an
equitable distribution of resources and benefits
between public and private actors (Sanchez and
Gajardo, 2022). Furthermore, autonomous transport
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systems (AHS), already employed in Chilean copper
mines, along with other technological innovations such
as artificial intelligence (Al)-driven exploration, could be
adapted to space mining operations (Pérez and
Contreras, 2023).

Technological advancement is vital to the success of
space mining. Current research highlights the need for
robust autonomous systems capable of operating in
harsh extraterrestrial environments (Smith and Wang,
2018). Key areas of development include remote
sensing, robotics, and 3D printing technologies. The
United States and members of the European Space
Agency are at the forefront of initiatives using robotics
for resource extraction (Rieber, 2021). In the case of
Chile, adapting technologies developed for terrestrial
mining can help bridge the gap between existing
capabilities and the demands of space mining (O’Hara,
2020).

Recent advances in autonomous mining, robotics, and
3D printing have created new opportunities for space
mining initiatives. Autonomous mining technologies
and Al-driven systems are crucial to optimizing space
mining operations, and adapting current terrestrial
technologies is essential for success (Clarke, 2019).
Autonomous robotic systems can facilitate asteroid
mining, eliminating the need for human operators in the
hazardous environment of space (Foster and Lin,
2019). Furthermore, progress in in-situ resource
utilization enables the extraction and use of space
materials, reducing the reliance on heavy-lift launch
from Earth.

Chile’s mining sector is already a leader in the adoption
of automated systems and remote sensing
technologies, particularly in the harsh conditions of the
Atacama Desert. This technological expertise can be
leveraged for space mining through collaborations with
international space agencies to develop the necessary
extraction technologies (Sanchez, 2020). Advances
facilitating space mining include developments in
robotics, autonomous systems, and resource
extraction techniques. Chile’s mining sector excels at
remote operations and automation, especially in harsh
environments (Espinosa, 2020), and this expertise is
highly transferable to space mining.

Key technologies include robotic mining systems,
spacecraft capable of reaching asteroids, and ISRU
technologies that convert space materials into usable
products (NASA, 2020). Targeted investments in
research and development could adapt these
technologies for space exploration and mining.
Collaborations with international space agencies such
as NASA or ESA, and partnerships with technology
companies focused on robotics and artificial
intelligence, would accelerate the transfer and
adaptation of these technologies (Pérez and Contreras,
2023).

Sustainability must be a central principle in the
development of space mining operations. Placing an
emphasis on a circular economy model, where

resources are reused and recycled, can mitigate
environmental impact (Jones, 2023). The sustainability
of space mining practices is essential to minimize
environmental impacts on celestial bodies and ensure
the long-term viability of space resources. As has been
noted, sustainable practices must be integrated into the
mining process, focusing on minimizing waste,
protecting extraterrestrial ecosystems, and adhering to
international regulations on space resources (Jones,
2019). Furthermore, lessons learned from sustainable
practices in terrestrial mining, particularly in Chile, can
inform responsible resource extraction in space
(Marshall, 2022). The environmental and sustainability
aspects of space mining are critical, given the potential
to cause damage to extraterrestrial environments.
Current sustainability frameworks emphasize reducing
environmental impacts on celestial bodies, following
international treaties such as the 1967 Outer Space
Treaty (Clarke, 2021). On Earth, Chile is known for
promoting green mining practices in its lithium and
copper industries. This experience puts Chile in a good
position to encourage sustainable space mining
practices that align with global environmental
governance principles (OECD, 2020). Sustainability
remains a critical challenge in space mining, as the
environmental impacts of space resource extraction are
largely unknown. A public-private partnership model for
space mining could ensure that sustainability remains
a core value, with an emphasis on the use of clean
energy and minimizing the environmental footprint of
space mining operations. This could include developing
closed-loop resource systems that recycle materials in
space, similar to circular economy models being
implemented in terrestrial industries (ESA, 2020). The
Outer Space (Treaty, 1967) emphasizes the need to
prevent harmful pollution of celestial bodies and to
maintain space as “the province of all mankind” (United
Nations Office for Outer Space Affairs, 2022).

Chile's experience with circular economy models in the
mining sector, particularly in waste reduction and
material reuse, could be adapted to space mining (Elias
& Gajardo, 2021).

Space mining research has identified several key
challenges and opportunities for the space mining
industry, including:

1. High initial costs: The capital investment required for
space missions and resource extraction is immense.
However, with  technological advances and
international collaboration, these costs are expected to
decrease over time (Sonter, 2019).

2. Technological feasibility: Autonomous robotic
systems and ISRU technologies are crucial for space
mining operations. These technologies are still under
development, but terrestrial mining operations in Chile
offer valuable experience for further innovation
(Espinosa, 2020).

3. Legal and regulatory framework: Space mining is
governed by international treaties such as the Outer
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Space Treaty, prohibiting sovereign ownership of
celestial bodies. However, countries are developing
national frameworks to regulate private space mining
companies (Clarke, 2021).

4. Sustainability and environmental impact: The
sustainability of space mining remains a concern,
particularly with regard to potential environmental
damage to celestial bodies. Earth-based green mining
principles can guide space mining practices to minimize
these impacts (OECD, 2020).

Based on our review, the following proposals can
improve existing business models or create new ones
that integrate  economic, technological and
sustainability aspects in the Chilean context:

1. Public-private partnerships (PPP):

The development of a public-private partnership (PPP)
framework to finance space mining initiatives should
involve collaboration between the Chilean government,
mining companies, and research institutions. As noted
in the literature, PPPs effectively mitigate risks and
improve resource allocation for high-cost initiatives
such as space mining (UNOOSA, 2021). By leveraging
existing mining expertise, Chile can position itself as a
burgeoning space mining industry leader.
Public-private partnerships can facilitate the financing
and risk sharing required for space mining companies,
proving their  viability  through successful
implementations in sectors such as
telecommunications and infrastructure (Jamasmie,
2021). This model would allow the Chilean government
and private companies to share both the financial risks
and benefits of space mining. CORFO, Chile’s
economic  development agency, could foster
collaborations between national mining companies and
international space companies, while the government
could incentivize private investment through measures
such as tax incentives.

The public-private partnership framework would allow
pooling of resources to develop technologies essential
for space mining, such as autonomous robotic mining
systems and spacecraft capable of extracting
resources. Chilean mining companies, which already
employ advanced remote-operated technologies, could
adapt these systems for space applications (Espinosa,
2020). Collaborations with international space
agencies like, NASA and ESA, would also accelerate
technological development and innovation.
Sustainability should be a central theme in this public-
private partnership model. Drawing on Chile’s
experience in green mining practices, the consortium
could establish protocols to minimize the environmental
impact of space mining activities. These protocols
would align with international treaties governing space
activities, ensuring that Chile plays a leading role in
promoting responsible and sustainable space mining
practices (Clarke, 2021).

Building on the success of its lithium industry, the

country can create public-private partnerships for
space mining, using government funding for research
and development alongside private investment. These
associations could specifically focus on the following:

e Research and development: funding joint R&D
projects to innovate mining technologies
adapted to extraterrestrial environments
(Bastida and Walton, 2020).

e Infrastructure development: collaborating in
the creation of the infrastructure necessary for
space missions, including launch facilities and
ground control systems (Sanchez and Gajardo,
2022).

e Regulatory frameworks: Establish legal
frameworks that facilitate and regulate space
mining activities, while ensuring compliance
with international standards (Jain, 2021).

e  Workforce training and development: Creating
workforce training programs that focus on the
skills required for space mining operations,
integrating expertise from the mining and
space sectors (Marshall, 2022).

These focus areas would enhance Chile’s
competitiveness in space mining while promoting
sustainable practices that protect extraterrestrial
environments through:

e Sharing the high costs of space exploration
and resource extraction between the public
and private sectors.

¢ Promote technology transfer from the space
sector to the mining sector in Chile, particularly
in automation and robotics.

e Offer incentives, such as tax incentives and
R&D grants, to companies involved in space
mining.

This model ensures financial sustainability and reduces
investment risk while promoting national participation in
a high-growth global industry.

Key stakeholders such as mining companies,
technology developers, and academic institutions must
collaborate effectively to establish a national space
mining research and development consortium. This
consortium model promotes innovation through
resource sharing and collective efforts in developing
technology and business strategies for space mining.
By attracting R&D investments, Chile can position itself
as a global leader in this emerging industry. The
Atacama Desert, with its extraterrestrial-like features,
offers an ideal environment for testing space mining
technologies.

Chile could establish a “Space Mining Innovation Zone”
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in Atacama, providing tax incentives and infrastructure
to support companies developing space technologies.
This initiative would create jobs and attract international
companies, contributing to the country’s economic
growth (Zegers, 2021). The innovation consortium
could prioritize technologies that integrate robotics,
remote sensing, and in-situ resource utilization.
Collaborative efforts between universities, research
centers, mining companies, and space agencies could
lead to innovative solutions for space mining, which
could be commercialized for future missions, thus
improving Chile’s competitive position in the global
space economy (NASA, 2020).

Furthermore, the consortium should place emphasis on
sustainable practices, drawing on Chile’s experience in
minimizing the environmental impact of terrestrial
mining. By leading the development of international
sustainability certifications for space mining, Chile can
advocate for responsible extraction of extraterrestrial
resources while ensuring minimal environmental
damage (OECD, 2020).

The creation of this innovation consortium, in
partnership with major universities and international
space agencies, would consolidate Chile’s role in the
global space economy. The consortium could attract
venture capital and incentivize startups focused on
remote sensing, autonomous robotics, and resource
extraction technologies. In addition, offering tax
benefits and subsidies to companies engaged in R&D
in space mining would improve participation (OECD,
2021).

Chile could become a global hub for space mining
research and technological development by fostering
collaboration between universities, research centers,
and private companies. The consortium could prioritize
research on sustainable mining practices to ensure that
operations conform to ethical and environmental
standards. Chile’s established leadership in
sustainable development and its experience in
managing sensitive ecosystems, such as the Salar de
Atacama, would provide valuable insights for
responsible space mining protocols (Garay and Torres,
2022).

The consortium could focus on creating autonomous
systems for resource extraction, developing space-
adaptive materials, and advancing deep space
exploration technologies, using the Atacama Desert as
a testing ground due to its similarities to Martian
landscapes (Pérez and Contreras, 2023). Overall, this
initiative could replicate successful models observed in
terrestrial mining clusters, facilitating collaboration
between government agencies, universities, and
private companies in developing space-related
technologies through the following concrete steps:

o Development of autonomous robotic systems
and 3D printing for resource extraction and
space construction.

e Testing space mining technologies in the
Atacama Desert in Chile offers a Martian-like
environment for experimentation.

e Create links between space mining and other
industries, such as renewable energy, taking
advantage of Chile’s experience in solar
energy.

This innovation consortium would position Chile as a
leader in space mining technology, attracting
international investments and partnerships.

Adapting and improving existing mining technologies
for space environments, with a focus on automation,
robotics, and remote sensing, is a comparative
advantage for Chile thanks to its strong mining sector
and significant technological expertise in these areas.
By modifying these technologies for space applications,
Chile can reduce development costs while improving
the efficiency of space mining operations. Integrating
sustainable practices into all phases of space mining is
essential, promoting a circular economy approach that
emphasizes resource recycling and minimal waste
reduction. This sustainability is crucial to the long-term
viability of space mining companies. By leveraging the
knowledge from its mining sector, Chile can develop
environmentally responsible practices that set global
standards for space mining operations.

The circular economy approach is fundamentally
sustainable as it encourages the reuse and recycling of
resources. Chile’s experience with renewable energy
sources, particularly solar energy, can be leveraged to
power space mining operations, thereby minimizing
environmental impact and ensuring alignment with
international sustainability goals (ESA, 2020). A circular
economy model would reduce waste create long-term
value from resources extracted from space. By
processing and recycling materials in space (e.g. for
on-site manufacturing or fuel generation), Chilean
companies can reduce operational costs and reliance
on Earth-based supply chains, which also decreases
the cost of launching resources from Earth, ultimately
improving profitability over time (OECD, 2021).
Furthermore, Chile’s technological capabilities in
additive manufacturing (3D printing) could play a crucial
role in space mining operations. For example, 3D
printing could facilitate the construction of infrastructure
using materials mined from space, such as lunar
regolith, which would significantly reduce transportation
costs and aid long-term colonization efforts.
Furthermore, the expertise developed by Chilean
mining companies in artificial intelligence and remote
operations could be used to autonomously process and
recycle materials on asteroids or the Moon (Garay &
Torres, 2022).

As the Chilean mining industry moves toward
sustainable practices, it can expand these efforts to
space mining, which could pioneer a circular economy
model that maximizes resource efficiency. Recycling
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materials extracted from celestial bodies could
minimize, the need for costly launches from Earth,
reducing long-term expenses and establishing a
sustainable supply chain for space missions. Chile’s
experience in implementing circular economy
principles in terrestrial industries could serve as a
model for this effort (Pérez, 2021).

Developing this circular economy model will require
technological innovations in material recycling and
additive manufacturing. Chile could collaborate with
international partners to design technologies that
transform materials extracted from space into useful
products for space missions, such as 3D printed
components for spacecraft. This strategy would reduce
dependence on terrestrial resources and improve the
sustainability of space exploration (Gallo, 2020). A
circular economy approach aligns with global
sustainability goals by minimizing waste and optimizing
resource utilization. Therefore, Chile could establish
guidelines for space mining operations that ensure
efficient use of resources and minimal environmental
impact on celestial bodies, positioning itself as a leader
in the sustainable extraction of space resources
(OECD, 2020). Chile can create a responsible and
effective space mining framework by incorporating
circular economy principles into the extraction process.
By integrating circular economy principles into the
extraction process, Chile can do the following:

e Promote the reuse of space resources (such as
water and metals) to build infrastructure in
space, reducing the need to transport
resources from Earth.

e Develop green technologies for space mining,
such as solar-powered extraction systems and
environmentally friendly spacecraft fuel.

e Lead international efforts to establish
environmental standards for space resource
extraction, ensuring the sustainability of space
mining activities.

This approach would position Chile as a world leader in
sustainable space mining, in line with its broader
commitment to environmental stewardship.

There is a need to develop a comprehensive legal
framework to regulate space mining activity that
complies with international treaties while addressing
local interests and rights. A clear regulatory framework
is essential to facilitate investment and ensure
responsible resource extraction, fostering trust among
stakeholders and promoting Chile as a safe and reliable
destination for space mining companies. A well-defined
legal framework is necessary to guide space mining
activities and ensure adherence to international
treaties, such as the Outer Space Treaty (OST, 1967).
This framework should also address critical property
rights and resource ownership issues. By leveraging

existing international space treaties, Chile can create
national policies for space mining that align with global
standards while fostering economic growth. Such a
framework could encompass the following elements:

e Clarity on property rights: Establish clear
definitions regarding ownership and rights over
resources extracted from celestial bodies.

e Compliance mechanisms: Ensure that
activities comply with international treaties,
thus promoting accountability and
transparency.

e Environmental protection: Incorporate
regulations to protect the space environment,
addressing the potential ecological impacts of
mining activities.

The Space Generation Advisory Council and The
Space Mining Advisory Board resources were reviewed
for the importance of a regulatory framework for space
mining. This framework could include the following
steps for formulating and implementing policies:

e Regulation on resource ownership,
environmental protection and royalties from
space mining, ensuring a fair and equitable
distribution of space resources.

o Agreements with international space agencies
and private companies to ensure Chile's
interests in the extraction of space resources,
while encouraging foreign investment.

e Creation of a Chilean Space Mining Agency to
oversee space exploration activities and
ensure compliance with economic and
sustainability objectives.

The growing interest in space mining represents a
unique opportunity for Chile to leverage its mining
expertise while contributing to sustainable practices in
the emerging space economy Chile can establish itself
as a leader in this exciting new frontier by developing
innovative business models that incorporate economic
viability, technological advancement, and
sustainability. By leveraging its expertise in terrestrial
mining, technological innovation, and sustainability,
Chile has the potential to play a significant role in the
emerging space mining industry.

Establishing new business models, such as public-
private partnerships, a space mining technology
consortium, and a circular economy approach, would
position Chile as a global leader in space resource
extraction. These models would integrate economic
growth, technological advancement, and
environmental responsibility, ensuring that Chile
remains at the forefront of the space mining revolution.
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With its strong mining expertise, technological
innovation, and commitment to sustainability, Chile is
uniquely positioned to lead space mining. By

establishing public-private  partnerships, creating
innovation consortia, adopting circular economy
principles, and developing a robust regulatory

framework, Chile can improve existing business
models and create new ones that integrate economic,
technological, and sustainability aspects.

These initiatives will enable Chile to take advantage of
the growing space mining industry while ensuring long-
term environmental and economic sustainability. By
improving existing business models or formulating new
ones that reflect these principles, Chile can leverage its
mining expertise and commitment to sustainability to
lead the future of space mining. Public-private
partnerships, circular economy models, and innovation
consortia are promising avenues for this development,
ensuring Chile’s long-term success in this high-
potential industry.

MATERIALS AND METHODS

Research on extraterrestrial resource extraction is
based on a multidisciplinary methodology that
synthesizes theoretical frameworks and empirical
research. A wide range of information sources have
been used, spanning academic literature, publications
from space exploration organizations, and case
analyses of mining operations in sterile environments,
with a particular emphasis on the Atacama Desert in
Chile. This specific geographic environment was
chosen for its analogous characteristics to potential
conditions present in several celestial entities,
facilitating the validation of technological applications
and methodologies in a controlled experimental setting.
The methodological approach employed in this
research encompasses a qualitative examination of
nascent technologies relevant to space mining,
including artificial intelligence, robotics, and satellite-
based mapping. A systematic literature review was
conducted to describe best practices and obstacles
associated with implementing these technologies in the
context of space. In addition, interviews were
conducted with experts in the field of mining and
aerospace technology to gain insights into the
economic viability and potential business models in this
sector. Simulation models were employed to assess
the economic viability of space mining activities,
incorporating variables such as extraction costs,
resource valuation, and regulatory impediments. These
models facilitate the projection of future scenarios and
the assessment of the ramifications of various
investment and collaboration strategies, including
public-private partnerships. In conclusion, a conceptual
framework has been articulated that merges
sustainability principles and the principles of a circular
economy, with the aim of advancing space mining in a

responsible and efficient manner. This framework is
based on the assertion that space mining must achieve
economic viability and environmental sustainability,
thus contributing to the preservation of terrestrial
ecosystems.

In summary, the materials and methods described in
this study establish a solid foundation for space mining
and exploration, underscoring the importance of
interdisciplinary  cooperation and technological
innovation in this nascent activity.

RESULTS AND DISCUSSION

Extraterrestrial resource extraction represents a
substantial prospect for the advancement of the mining
sector, particularly in countries such as Chile, which
have considerable experience in resource extraction
under extreme environmental conditions. This research
has assessed the economic viability of mining asteroids
and other extraterrestrial entities, proposing that these
could host resources with a potential valuation of
trillions of dollars. However, significant upfront
expenses and regulatory impediments constitute
substantial challenges that must be resolved for this
sector to thrive. The findings underscore that the
integration of cutting-edge technologies, including
artificial intelligence and robotics, is imperative for the
prosperous development of space mining activities.
These technological advancements improve extraction
methodologies and facilitate the exploration of
inhospitable terrains, such as those found in outer
space. The Chilean domain in the Atacama Desert,
which features conditions reminiscent of those on Mars,
can serve as an exemplary testing environment for the
advancement of these innovative technologies.
Furthermore, it has been recognized that public-private
partnerships can play a key role in alleviating financial
uncertainties and fostering innovation. These
collaborative initiatives can improve access to capital
and knowledge, which is essential for developing
sustainable business frameworks in space mining. The
creation of innovation consortia that merge academic
institutions, private companies, and government
agencies could accelerate technological advances and
the adoption of sustainable practices in this novel
mining field. While space mining poses considerable
challenges, its potential opportunities are equally
broad. With strategic investments and a cooperative
framework, Chile has the capacity to emerge as a
leader in this emerging industry, contributing not only to
its economic advancement but also to the sustainability
of global resources.

CONCLUSION

The incorporation of sophisticated technologies,
including artificial intelligence and robotics, is
imperative for the successful execution of space mining



Mining the final frontier: evaluating the economic viability of space mining
Erik Escalona Aguilar, Richard R. Lane, Rafeel Riaz, Mohammad Ayaz Alam

efforts, as it improves operational efficiency and
profitability. =~ The establishment of regulatory
frameworks and legal guidelines is vital to overseeing
space mining efforts and ensuring compliance with
international standards, thereby fostering responsible
resource management. The implementation of
sustainable methodologies in space mining is essential
to alleviate environmental impacts and safeguard
extraterrestrial ecosystems, in line with global initiatives
aimed at promoting environmental management and
conservation. The convergence of space mining,
artificial intelligence, robotics, and sustainability offers
a promising trajectory for future exploration and
utilization of resources beyond our planet, as nations
such as Chile strategically position themselves as
critical contributors in this dynamic industry.
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