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The on-going space settlement debate has raised questions whether it is possible to settle other planets,
and if it was, is it something humans should do. The problem with this space ethical discussion is that it
can easily become too vague. To avoid this problem, we suggest a framework for identifying relevant
variables that affect the feasibility constraints and desirability factors of establishing space settlements.
The variables we focus on include the settlement stage, scale and time frame. Based on the relevant
literature, we take mission cost, survival, habitation, water, in situ resources for food, oxygen and fuel
energy and dependence on Earth as feasibility constraints that are relevant for the framework. None of
them are hard constraints, but rather soft feasibility constraints that make it difficult to establish a
permanent human settlement on Mars in the near- to medium-term future. However, in the past, hu-
manity has achieved goals that first seemed infeasible. To justify the costs and effort, the goal must be
highly morally desirable. We discuss five different desirability factors that could help justify the effort but
as each framework has unique feasibility constraints, not all of these factors are sufficient or necessary to
justify this effort. We argue that some of the desirability factors prominent in space ethical literature are
not sufficient or necessary in our framework, and thus, we conclude that the normative grounds for
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establishing a permanent Mars settlement in the foreseeable future are weak.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

If humans succeed in settling our neighbouring planet, Mars, it
will be a pivotal moment in the history of our species. In the long-
term, it may turn out to be as consequential as the colonisation of
other continents by European societies in the past centuries.
Therefore, it should not be considered only as a technical engi-
neering challenge, but a broad societal question involving multiple
ethical, political and social aspects. Thinking about the future of
space settlements requires considerations of everything from mo-
tivations to moral desirability and from feasibility to long-term
consequences.

The plans for establishing a permanent settlement on Mars have
raised many different views and opinions. Many lay people are
enthusiastic about the possibility of humans extending their ter-
ritories beyond this planet; there are also views, aims and hopes of
Mars becoming a new extension of our society and of economic
markets. Through the established occupation, it would also provide
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a “safehold” for humans, in case of deteriorating conditions on the
Earth. The ultimate aim would be to create a survival plan or “planet
B” for humankind. Many of these views are shared by various
professionals. At the same time, there are a lot of questions about
their feasibility, justification and of their economical, legal and
ethical aspects [e.g. Refs. [1—3]]. A further question to be considered
prior to human entry to Mars is whether this environment must be
protected from terrestrial contaminations, at least until it is
adequately surveyed for the possible existence of a local biosphere
[4—7].

Since the early crewed missions to Moon in the 1970s, human
spaceflight so far has been extended only to low Earth orbit (LEO)
and to the space stations (MIR and ISS) there. However, different
options for mission architectures and strategies for crewed mis-
sions further out to the Moon and Mars have been intensively
studied over the past three decades by NASA, as reviewed for
example in the study by Rapp [8]. Implementation of the mission
plans is currently being developed in the Artemis space programme
(including the heavy-duty Space Launch System, SLS) jointly with
its international collaborators. The first aims of the Artemis pro-
gramme are to return human crews to the Lunar surface and
establish a crewed station both on the Lunar orbit and on the
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surface. The same or similar technologies will be later applied to
crewed missions to Mars (Artemis Plan—NASA's Lunar Exploration
Program Overview, NASA 2020) [9].

Also, the private company SpaceX has published its ambitious
plans to transport the first crews to Mars, still within the 2020s, and
start building a permanent, self-sufficient settlement there
[10—12]. It is currently building and testing heavy-duty space
launch and flight technology (the reusable Starship spacecraft and
the reusable Super Heavy booster rocket). Neither NASA or SpaceX
has yet published their final technical plans or dates for the planned
mission.

Numerous robotic missions to Mars, as well as the long-term
human occupation of space stations on LEO, indicate that the
space flight technology for these programmes is available—in
principle (on fairly high Technology Readiness Level). However, the
crewed missions to deep space targets are much more demanding
than any previous missions. Specific challenges for the crewed
missions to Mars are caused by the physiological and psychological
dangers and stresses caused by the long-duration trip in the deep
space condition, within the high cosmic and solar radiation,
microgravity and the isolated and cramped living condition of the
crew. Heavy-duty, tightly enclosed and pressurised habitats are
needed for human survival also on the Martian surface. An addi-
tional challenge is either to transport and recycle or to produce in
situ, all necessary life support supplies (oxygen, water, food) and
fuel for the accommodation and operations on the site, and for the
return trip to Earth, as reviewed in the study by Fu et al. [13],
Verseux et al. [14], Linne et al. [15] and Starr [16].

To promote discussion on the ethical, political and social aspects
of space settlement, we offer here groundwork for a normative
analysis of the feasibility and desirability of a long-term settlement
outside Earth. Further on, we address several aspects of the set-
tlement discussion per se. It is important that the participants of
this discussion indicate the frame of their views, in terms of the
stage, scale and timing of the intended settlement. We also assess
the feasibility and desirability factors of settling Mars and point out
that feasibility and desirability are interlinked. By desirability fac-
tor, we refer to things that increase or decrease the moral desir-
ability of establishing a Mars settlement. Our focus is on moral
desirability, that is, the factors that give moral reasons for doing
something. There may be also entirely frivolous reasons for going to
Mars, and we wish to exclude those from our analysis. These con-
cepts are useful tools for analysing the justifiability of different
settlement scenarios, as following Robert Goodin et al. [17] ac-
cording to whom “questions about what can feasibly be achieved in
a certain area are just as central to normative concerns as questions
about what is desirable in that area”.

A full normative analysis of such a complex and for now, hy-
pothetical issue as settling Mars requires careful consideration of a
myriad of aspects and variables. We certainly do not claim to pre-
sent a comprehensive normative analysis of the topic, but rather, to
highlight and discuss some of the key issues.

2. Framing the issue

We identify three variables from which a framework for space
settlement discussion can be developed: the pre-settlement/in-
settlement/post-settlement stages, scales of settlement varying
from small outpost to permanent settlement to self-sufficient so-
ciety and varying time frames from short- to medium- to long-
term. Each variable has its unique set of problems and raises its
own ethical questions and also harbours different feasibility con-
straints and desirability factors.

First, it is important to identify the relevant stage of space set-
tlement in question. It may be meaningful to discuss the potential
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Earth—Mars political relations, as in Deudney [2], even if there were
no solid plans on how to establish a Mars settlement let alone a full
Martian society in the first place. In addition to the meaningfulness
of the discussions, it is also crucial from a moral philosophical
perspective, as different stages raise different ethical questions.
Borrowing a useful distinction from the just war tradition, we
propose that the space settlement discussion should be separated
into pre-settlement, in-settlement and post-settlement stages. These
are similar to the distinct yet interrelated (and sometimes over-
lapping) “stages” of jus ad bellum, jus in bello and jus post bellum in
the just war tradition. It should be noted that this similarity is
merely structural, in how different strands of discussion can be
compartmentalised. We are not claiming that Mars settlement and
war are analogous in other ways. Each of these stages can have
different criteria for when there is a just cause for going to war,
what kind of conduct is justifiable during times of war and what are
the conditions of just peace [18].

Similarly, each settlement stage raises its own set of questions
and problems. These different stages are distinct, and at least
partially independent. For instance, if a space settlement is estab-
lished unjustly or unethically (i.e., against the principles or criteria
found for the pre-settlement stage), it is still important to inquire
about the principles and criteria for good and just conduct therein.
There is still a duty to make the best out of a bad situation. Their
distinctness does not mean that they never overlap or that there
cannot be back-and-forth movement between different stages. The
stages are also interlinked, for instance, in the sense that under-
standing what is best for the post-settlement stage can affect what
is acceptable in the previous stages.

If humankind starts to establish a more continuous or perma-
nent presence outside Earth, the situation will constantly shift and
require re-evaluation. Thus, the plans for Mars settlement missions
can never be fully set, as they are in constant fluctuation, just as any
long-term endeavour that involves humans. The moral philosoph-
ical project would then involve mapping out relevant ethical
questions and problems for each stage, discerning their in-
terrelations and finding ways to tackle them. Each settlement stage
is likely to raise its own inquiries in different fields, such as politics,
economics, law, biology, ecology and engineering.

A second important variable for framing the space settlement
debate is the scale of settlement. Similar to the space settlement
stages, an outpost, a permanent settlement and a self-sufficient so-
ciety outside Earth will raise different questions and problems. In
terms of continuous human presence on Mars, mere scientific or
economic outposts with limited and shifting populations would be
more analogous to research outposts in Antarctica than, say, a
settler colony. In the most extreme case, the target of discussion
could be a Martian self-sufficient human society. Then, the dis-
cussion would be more analogous to independent nation-states
that have seceded from their motherland. Mere outposts and full-
blown societies raise very different questions, so one should be
careful when discussing things under the wide umbrella of ‘space
settlement’.

A third variable is the different time frames that can shift the
realm of possibility and also have different ethical implications.
Consider the claim that establishing a functioning settlement on
Mars is impossible. The claim may be true in the near-term, but it is
far from clear that the claim is valid fifty, hundred or ten thousand
years later. We simply do not know how the future unfolds,
although we can make educated guesses. In relation to feasibility, if
one assumes that technological change continues, it is natural to
think of the time frame as a representation of the level of techno-
logical capability. For example, near-term would designate current
technology, medium-term future foreseeable technology and long-
term future would denote more speculative future technologies.
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This list of variables (see Table 1) is not exhaustive, but it in-
cludes those that we find most important for the feasibility and
desirability assessments and for the more general space settlement
discussion in space ethics. There are other important factors that
we have omitted from our analysis, like the degree of robotization
or automatization, which would certainly affect the feasibility and
desirability of space settlement. Perhaps in the future, thanks to
robotics, sending people to Mars is simply an unnecessary and
completely avoidable risk. But this again depends on what we hope
to gain from going to Mars. Similarly, the location of the planned
settlement would affect feasibility and desirability considerations.
For example, Mars, Moon and Ceres, according to Janhunen [19],
would all have their own challenges and benefits. Deudney [2]
presents another, perhaps more geopolitical framework for
assessing the space expansionism and its feasibility claiming that
the feasibility assumptions by the space expansionists are related to
the desirability of their aims. For the following feasibility and
desirability discussion, we want to frame the issue into the pre-
settlement stage, with a permanent settlement in mind, in the
near- to medium-term future.

3. Feasibility

In political philosophy, feasibility considerations are used either
to rule out certain political proposals or as a tool to compare
competing political proposals [20]. Thus, feasibility assessments
can be made both in a binary sense and a scalar sense, where the
former asks if bringing about some outcome is possible, and the
latter asks how probable it is to bring about some outcome [20,21].
Feasibility assessments involve considering hard and soft con-
straints. Hard constraints make it impossible and thus infeasible to
bring about some outcome, at least in certain circumstances, so
they are more important for ruling out things in a binary sense. Soft
constraints, on the other hand, affect feasibility comparatively or
change the likelihood of some outcome. Thus, they assess feasibility
in a scalar sense and allow the ranking of different proposals ac-
cording to their feasibility. Some political proposals, for instance,
can be more feasible than others for a variety of reasons like the
general political atmosphere or the state of the economy [20].

Hard constraints categorically rule out certain outcomes, while
soft constraints can be altered, for example, with developing
technologies or societal change [20]. However, some hard con-
straints like the lack of some technological means can be time-
sensitive [21]. In the early 19th century, it was infeasible to send
people to the Moon because of the hard physical constraint of a
great distance, Earth's gravity and harsh conditions in space (only
to mention a few), but as technology developed, it suddenly
became feasible in the 1960s. Soft constraints, such as limited funds
or political will, can also be highly limiting, making the probability
of some outcome very low. However, the border between hard and
soft constraints is constantly shifting as new technological capa-
bilities are developed.

According to Gilabert and Lawford-Smith [20], feasibility claims
include the following components:

“It is feasible for X to ¢ to bring about O in Z”

Table 1
Variables in the space settlement debate (our chosen framework in italics).

Settlement stage Scale of settlement Time frame

Pre-settlement
In-settlement
Post-settlement

Small outpost
Permanent settlement
Self-sufficient society

Near-term future
Medium-term future
Long-term future
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Here X refers to the agent, ¢ refers to a set of actions, O refers to
the outcomes and Z in the conditions in which an agent may
perform those actions to bring about certain outcomes [21]. In
relation to the space settlements, the equation variables can indi-
cate multiple different values. The X can present any public or
private stakeholders or their collaborative combinations, ¢ can
present any developmental processes, O can present the whole
mission or any separate part of it and Z can be defined as any given
time span, or a given political or funding frame. Thus, the theo-
retical variables are vast.

The framework discussed in the previous section is important
for the feasibility assessment. For instance, if the time frame is set
to the long-term future, one could treat almost any constraint as
eventually surmountable. This may have unwanted implications,
such as leaving too wide an array of outcomes possible. However,
our focus is on current plans and current or foreseeable techno-
logical capabilities up to the medium-term future. Also, the scale of
settlement is important. Small-scale outposts, for instance, do not
face similar feasibility constraints as larger settlements or full-
blown self-sufficient societies. Finally, the stage of settlement is
also important. The pre-settlement stage of a Mars settlement has a
set of feasibility constraints that involves the conditions of both
Earth and Mars and must also consider the economic, social,
ecological and cultural conditions of planet Earth.

3.1. Feasibility constraints for Mars settlements

At the present time, the principal technologies for crewed
missions to the Martian surface either exist or are under develop-
ment, but multiple challenges and feasibility constraints are to be
faced before humans can safely enter and spend time on the
Martian surface. It is possible that most, if not all of them may be
overcome by technical means, and the technologies would be
further developed via the experience gained on site. Still, the very
strict circumstances may limit the achievable outcome of the
missions. The most obvious obstacles for the crewed flights, and
moreover, to the more permanent settlements, are the following.

3.1.1. Cost of the missions

The total expenses of crewed Mars missions are difficult to es-
timate, but some references can be found for their separate parts.
Considering the whole programme's costs, a comparison can be
made to the report from NASA stating that the Artemis programme
will cost a total of € 93 billion between 2012 and 2025 (NASA
Report No. IG-22-003) and completion of that programme to
include a 500-day Mars mission in the 2030s would cost about an
additional 30 billion dollars [22]. In 2017, Utrilla and Welch pub-
lished theoretical calculation [23] on the most economical total
cost, putatively achievable to a private enterprise and based on
modified Mars Direct architecture, to carry out a crewed mission to
Mars (including two preparatory flights) to be in the range of 30
billion US dollars. Such high costs may be justified for a short-term
highly desirable scientific mission, the implementation of which
would nevertheless require strong political and budgetary
commitment decades before the launch [1,8]. Such missions are
now strongly advocated and are included in the (collaborative)
plans of NASA and the private enterprise SpaceX. However,
extending these missions to establish a permanent settlement on
Mars would commit the responsible agencies to continue the flight
programmes, with multiple additional flights in every suitable
launch window and with the costs soaring with the size of the
settlement(s).

The main parts of the initial programme costs come from the
design of the mission architecture and the development, building
and testing of the vehicles and other technologies needed en route
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and on-site. The first components of the technology, that is the
heavy-duty launch systems, are currently being established, but for
the large part of the missions, for example for the descent to Mars,
the ascent from Mars, or survival on the surface, the technologies
have not been fully designed or developed yet [8].

The final cost of each mission will depend on the specific rocket
technology, crew and cargo size, and on the overall design and
architecture of the mission [8,11]. A large part of the costs of the
travel per se is consumed for the launch. For instance, in the past,
the launch costs of different space rockets to LEO have varied be-
tween $ 5000 and $ 50 000/kg cargo. In the future, this cost may be
reduced to about $ 2000/kg by the reusable Falcon rockets [23].

Also, the fuel and technical cost of landing on the Martian sur-
face, and launching again from there for the return trip, depends on
the mission architecture, and the size of the crew and cargo—and,
of course, of the development and building of the respective ve-
hicles, as reviewed in the study by Rapp [8].

The long travelling time to Mars (about 8 months each way,
using LOX-methane propulsion) adds a significant amount of costs
and challenges to the missions to Mars, not in fuel, but in the
amount of life support supplies and other needs of the crews during
the travel, back and forth. Most of the water and oxygen can be
recycled in the ship by the renewal technologies that are currently
used on the ISS. As a routine, >90% of water is recycled [8,12,24].
Meanwhile, all food for the travel, and also for the stay has to be
transported as cargo, as food cannot be produced en route due to
the lack of space in the ship, neither are the production facilities
initially available on the surface. Some of the resources are lost as
non-recyclable wastes. In case fuel production is not available on
the Martian surface as yet, the cargo must also include the fuel for
the launch from Mars, and the return trip to Earth. In addition, a
large portion of cargo must be allocated for the life support and
mission equipment that are needed on the target site.

To make all this transport feasible in the first place, large parts of
the necessary supplies, equipment and infrastructure should be
transported to the site by separate cargo flights before the arrival of
the crew, to improve the safety and functionality of the crewed
missions [11,12]. Thus, the mission requires not only one but a fleet
of flights.

The long distance means that emergency help or evacuation in
case of emergency is impossible or at least very slow to arrive.
Consultation to the home base and expert advice from Earth hap-
pens only via a radio connection, and with a delay of 5—20 min [25].

3.1.2. Survival on Mars

Images of the Martian surface portray the landscape as some-
what familiar: It is similar to rocky, mountainous, sedimented and
eroded terrains on Earth [26]. Beyond these similarities, the
Martian environment is totally different, inhospitable and detri-
mental to terrestrial life.

On the surface, the low air pressure of the Martian atmosphere
and its very low oxygen content (0.13% [14]) mean that unprotected
humans would suffocate there fast by hypoxia. The low air pressure
would also cause immediate degassing of the blood in their lung
vesicles, a condition similar to a strong divers' disease. Hard UV
radiation blasts the surface unhindered, and the level of biologically
effective radiation is more than 1000 times higher than it is on the
Earth's surface. This is detrimental to any exposed bio-organisms,
as shown even for the very durable spores of microbes such as
Bacillus subtilis [27].

The hard particle radiation (composed of the Galactic cosmic
radiation, solar particle radiation and occasional solar particle
events) is also intense, and its damaging effect is increased by the
flux of energetic secondary particles born in the shielding mate-
rials. Still, radiation is attenuated to about half of what it is in
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Martian orbit due to the shielding by the planet; levels may also
vary between different locations (e.g., levels are lower in some
parts of the bottom of Valles Marineris [28]) and need to be
monitored on site [29]. In any case, radiation shielding is
mandatory.

In addition to the radiation and air pressure, the temperature
conditions are also detrimental to warm-blooded or freeze-
sensitive terrestrial organisms, like animals and plants. As on
Earth, the temperature on Mars varies around the planet,
depending on the latitude and the time of the year and the day, so
that the diurnal variation in the equatorial region can be even about
100 °C (daytime highs around 20 °C, and night time lows
around —120 °C), the average global temperature is —60 °C [14].
Another hazardous factor both for human physiology and for any
functional machines and technology on the Martian surface is the
thinly grained and sharp dust that often blows around in heavy and
long-lasting dust storms.

To survive in this environment, any living organisms must be
continuously heavily protected either by space suits (short-term
protection) or fully protected housing. The low gravity which is a
third of terrestrial gravity causes severe strain on human physi-
ology and this, together with the high psychological stress, may
severely impair the well-being of the travellers [28]. Jointly, these
stress factors may jeopardise the endurance and survival of the
crews, and thus, the feasibility of a successful mission.

3.1.3. Habitats

The initial habitats for crews are postulated to be small trans-
portable containers (modules, barracks, spaceships or landing
modules) that would provide adequate shelter, radiation shielding
and protection for their survival [12,28]. Living in such tight quar-
ters is likely to cause significant psychological stress [30]. In order
to thrive for a longer term on a foreign planet, people must be
housed in a liveable and comfortable habitat.

Local resources (regolith, water ice) should be used for a large
part of the construction materials. About two metres of regolith
would reduce the radiation to levels acceptable by the ESA safety
standards (0.5 Sv/y for blood-forming organs, 3 SV/y for skin), while
a depth of about 90 cm may be adequate shielding for short-term
protection [31]. Architectural design can be used to provide visual
and comforting ques (e.g., use natural light, colours, green plants,
redundant safety features, telecommunication screens, easy access
to surfaces), to support societal well-being and to reduce anxiety,
claustrophobia and mental stress [28,30]. Habitat building and
maintenance will be one major expense of the settlement.

The habitats must provide continuous access to the essential life
support supplies like breathable pressurised and clean air with
suitable gas composition, potable water and water for hygienic
needs. These volatiles can be mostly provided via physical and
chemical processes to circulate and rejuvenate them [16]. These
mechanisms must be provided on the highest possible safety level,
considered as a fail-safe system by using multiple (three-fold) re-
dundancies of each system or technology [28]. Monitoring of the
human habitat conditions must be continuously followed by
automatic, fail-safe and artificial intelligence-controlled moni-
toring systems [28]. Even with the most secure construction, the
function of the life-supporting infrastructure may be jeopardised
for example by acts of sabotage, or by unexpected hazards, such as
strong sandstorms or solar particle events.

3.14. Water

Due to the low air pressure and the very low average temper-
ature, water does not exist on the surface in liquid form. It either
evaporates or freezes immediately, and ices exposed to the atmo-
sphere sublimate fast. However, small ice deposits can be detected
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even quite close to the surface [32], and large reservoirs of water ice
[33—36] and even liquid aquifers [37] have been detected in the
deep subsurface by remote mapping from the orbit. For more ac-
curate prospecting, the characterization of local water sources is
the first step of preparation for a putative base camp, and even
more so, for a permanent settlement. Water excavations or mining,
storage and transport [38] need their own infrastructure and
design. As a precaution for the supply, some water needs to be
transported also from the Earth for the safety of the crews [12].

The early guidelines for space missions allowed only a minimal
amount, or 1.8 kg of water/day for human consumption [39], but a
more normal lifestyle, allowing also for washing (one shower/day)
would require the use of 14 kg water/day/person or more [12]. In
addition to human needs, water is excessively valuable for multiple
activities, for instance as a source of fuel. Production of the fuel
components (oxygen and methane) for the return trip of the
SpaceX vehicle requires 600 tons of water, corresponding to an ice
volume of about 730 m? of ice (a cube of about 9 m at each side)
[12]. In addition, water is needed for multiple other purposes like
plant growth, habitat maintenance, laundry, binding of dust and for
processing of the Martian regolith into a cement-like substrate for
producing construction material [12,16,28].

One problem in the utilisation of the local water sources is that
the quality of the subsurface water, or their possible high content of
perchlorates and other toxic salts are not known [40,41]. The sub-
surface may also contain various harmful organics, and putatively,
even extinct, or still viable life forms. To make water suitable for
human consumption it needs to be purified and monitored for its
quality, as reviewed in Heldmann et al. [12], Starr [16] and Amini
et al. [28].

3.1.5. In situ resources for food, oxygen and fuel

The total amount of life support supplies needed for any size of a
crew, for any duration of a mission, can be calculated based on the
amount of supplies needed per person per day. For instance, the
total need of food has been calculated for a crew of six for a hy-
pothetical mission of a total of 525-day visit on Mars (calculated
mission scenario), about 15 000 kg [39,42]. Also, an adequate
amount of water and oxygen must be transported, but their amount
is not dependent on the duration of the trip as these volatiles can be
mechanically circulated throughout the trip. It may also be feasible
to produce food and oxygen on the Martian surface from the local
resources, and also via recycling all the wastes, biomaterials and
CO,. The food production would happen by various photosynthetic
organisms such as plants, algae and cyanobacteria, and further on,
via processing by various cell cultures and small animals such as
insects, fish or crustacean [14,42—45]. Through past decades,
methods have been developed in many laboratories to design
closed loop in situ production systems, by circulating the wastes
back to the resource pool via various bio-regenerative methods or
pyrolysis, as described in the reviews by Janhunen [19], Horneck
et al. [39] and Clauwaert et al. [46]. However, functional closed-loop
food production systems have not been established yet, as
reviewed in the study by Rapp [8].

Setting up photosynthetic food production would also have its
own intrinsic cost: these production organisms must be main-
tained within certain species-specific air pressure, temperature and
radiation-shielded conditions, as reviewed in the study by Verseux
et al. [14], Horneck et al. [39] and Perchonok and Cooper [42].

Plants typically do not tolerate CO, concentrations above
400 mbar or freezing temperatures. They also do not tolerate high
levels of mineral salts, reactive oxygen species (perchlorates) or
nitrous oxide in the growth substrate. Thus, the Martian regolith is
not directly suitable as a growth substrate for plants [42,43], but it
must be processed for this purpose either by desalting, and/or via

Space Policy xxx (Xxxx) Xxx

production and addition of suitable biomaterials (algae, plant ma-
terials, wastes, cyanobacteria) [14,45].

Additional problems in the utilisation of traditional crop plants
are their long growth periods (typically, a few months from seeding
to harvest) and the high portions of the unusable parts in the total
crop. Further problems are the possible insecurity of the successful
crop, the specific growth conditions, infrastructure and equipment
and the high amount of work and skills needed in different steps of
production [42]. These delay the set-up and possibilities for a self-
sufficient community. Wheeler [43] predicts that the on-site pro-
duction would start on a small scale, producing initially only a
minor supplement to the food.

In the plans for a settlement on Mars, it has been proposed that
the minimal human energy need would be 2000 kcal/day, which is
a rather low-level provision compared to the average diet in
western countries, of nearly 3500 kcal, or in the whole world, of
2800 kcal [47]. It has been also estimated that this amount of food
stock could be produced in an area of 50 m?/person [44]. This
assumption would require that the crops would produce ultimately
high yields, i.e. more than the typical maximal yields of the field
crops in terrestrial conditions (e.g., in the range of 0.8 kg/m? for
small grains, 5 kg/m? for potatoes, and 10 kg/m? for tomatoes/
season [48]). Even with that estimated (minimal) cropping area, the
food production for a population of 1000 persons would need an
area of five hectares. Construction of this size of plant growth space
in the protected, shielded and temperature-regulated conditions,
with suitable infrastructure, will take considerable time and
investment.

3.1.6. Energy

The settlement plans described above are based on an
assumption that an adequate/non-limiting energy supply is avail-
able on the Martian surface. The plans assume that this energy is
available, in part, from local resources, such as solar and wind en-
ergy on the planetary surface, and water to produce hydrogen and
methane [12,16,28]. Indeed, these energy forms are available, in
variable amounts depending on the location, and the time of the
day and the year. Their harvest and conversion to usable form
require suitable machinery like windmills and photovoltaic panels,
to be transported from Earth. However, both production methods
are vulnerable to local sandstorms: the very thin sand particles
carried by the frequent winds easily cover the solar panels and may
also easily jam the rotating bearings of the windmills.

To provide a heavy-duty backup for the local energy sources, the
current mission plans are relying on the use of multiple 160 kW
nuclear fission reactors (NASA design reference missions), as
reviewed by Rapp [8]. The design for the extendable crew habitat
initially planned to house up to nine persons is planned to be
powered by multiple smaller (10 kW) nuclear reactors [28].

3.1.7. Support flights from the Earth

Considering the primary needs of the infrastructure (water
harvesting, housing, power systems, communication capabilities,
human health, and safety), it appears that self-sustaining food
production could be established only later, after the building of
high-quality human habitats [12,28]. Thus, during the early estab-
lishment of the habitats, food supplies should be transported from
the Earth.

The total need for food and other unique items, for each person
per day on the Martian surface, is about 2 kg/day. Thus, over the 26-
month period (i.e., duration between the optimal launch window
for supply flights) each person would consume about 1560 kg of
these supplies. A crew of ten persons staying on the Mars base
would need about 16 000 kg of food supplements and other per-
sonal needs. Scaling up the number of inhabitants directly indicates
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the amount of cargo that is needed for the supplements, for
example 1600 000 kg is needed for a 1000-person community. This
indicates that 16 cargo ships with a hundred-ton cargo capacity
[44] would be needed every other year just to haul food for the
community. This amount is to be added to the number of travelling
passengers, and all the technical supplies needed for building up
the habitats and the settlement. The high number of space flights
bears not only the direct cost of the flights, but also the hidden cost
of a significant increase in greenhouse gases in the Earth's atmo-
sphere, caused by the launch exhaust gases.

Cargo that is needed for building all the functional infrastructure
(the habitats, growth rooms), the energy production (windmills,
solar panels, nuclear reactors, nuclear fuel and liquid fuels
including water, hydrogen, oxygen and methane), storage and
handling, electric networks, computer servers and data networks,
heavy-duty machinery, high-pressure fuel production, handling
and storage facilities, pre-prepared landing pads, radiation shields,
exterior shelters, dust-control equipment, and so on [12], mounts
up to considerable weights. This need continues on some level
through the existence of the settlement.

3.2. Overview of the infrastructure

The presented overview of the feasibility constraints is only a
strongly simplified description of the total requirements of settle-
ment enterprises. It brings up the point that the very basic re-
sources for human existence (planetary surface, water, carbon
source, minerals, sunlight) do exist on the Martian surface, and that
it may be feasible to utilise them as in situ resources for human
survival. It also points out that these resources are scarce and
difficult and expensive to exploit. The destination is so remote and
located in such a dangerous deep space environment that human
missions, let alone the long-term settlement there will be very
costly.

4. Moral desirability

For an object of evaluation to be morally desirable, there must
be moral reasons for wanting it. For instance, the object is somehow
morally valuable or is necessary for pursuing some other morally
valuable goal. It should be noted that moral desirability is a theo-
retical normative concept, and not, for example, an approximation
or generalisation of what people in fact seem to desire. For
example, becoming a dictator could be highly desirable for some
people. However, there are a number of reasons why, in reality, a
dictatorship would be morally undesirable. Similarly, the majority
of people could find a Mars settlement (or the idea of it) highly
desirable (as an object of their subjective desires), while further
moral philosophical inquiry could show that such ideas are indeed
morally undesirable. Interestingly, if a Mars settlement would be
generally perceived as desirable in the non-normative sense (that
people want it for whatever reasons), this would increase the po-
litical feasibility of such plans. However, not everything that could
be done ought to be done, and therein lies the function of moral
desirability assessments: they give guidance on whether some
possible things are worth pursuing. This means that for an all-
inclusive normative analysis, both the feasibility and the desir-
ability of the object of evaluation need to be considered in an
appropriate amalgam [49].

4.1. What makes Mars settlements desirable?
In this section, we discuss five reasons for going to Mars: sci-

ence, long-term survival of humanity, economic opportunities and
resources, inspiration and adventure. In narrowing down and
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identifying the factors or rationales in favour of Mars colonies, we
have followed previous literature including [3,8,50—52].

4.1.1. Science

Since the beginning of the space-faring era in the 1960s, Mars
has been a highly interesting target for exploration. The current
atmosphere is so thin that water cannot exist there in liquid form,
but with an adequate greenhouse atmosphere, it could harbour
liquid water on its surface. In the distant past a thicker atmosphere
has allowed the existence of large amounts of water on the surface
[53,54]. During this time the conditions have been potentially
habitable, and it is possible that the planet has hosted some kind of
simple life. It is even conceivable that some of the putative early life
forms would have adapted and found refuge in some subsurface
locations and could still exist in such locations on the planet
[53,54]. The possibility of either extinct or extant life on Mars is one
of the most compelling questions to be solved in the search for
extraterrestrial life, as reviewed by Rapp [8] and Cockell [53]. In
addition, research of the whole Martian environment, terrain, ge-
ology, history and resources are of high interest both for science
and for human exploitation and settlement [8].

Therefore, the first crewed mission to Mars will likely be sci-
entific in nature. Indeed, many argue that the pursuit of scientific
knowledge provides the strongest reason to go to Mars [8,50—52].
Arguably scientific knowledge and understanding are valuable in
themselves. Moreover, scientific innovations and findings can
vastly improve human society and many of us are simply interested
in finding answers to life's ‘big questions’, such as are we alone in
the galaxy and what is the origin of terrestrial life? Going to Mars
can help us answer these questions. Hence, one valuable thing we
may gain by establishing a permanent human presence on Mars is
increasing scientific knowledge [3,51,52,55].

There are good reasons to include humans in the scientific
exploration of Mars for at least as long as robotics and artificial
intelligence remain not advanced enough [56,57], but these bene-
fits can probably be acquired by small scientific outposts. However,
any human activity on Mars, meaning even small outposts, can
jeopardise science goals due to the contamination risk that humans
bring with them; humans cannot be sterilised from microbial
populations to the extent that robots and spacecraft can. Indeed,
several researchers have warned against contaminating Mars
before the question of existing life is properly solved [e.g. 5,6,58].
Planetary protection policies have been developed to avoid harmful
forward and back contamination (NASA interim directive 2020)
[59]. Careful planning and effective implementation of planetary
protection requirements is vital for mission success [60]. Of course,
large-scale settlements and more invasive human activity on Mars
would be even in a greater conflict with scientific goals. As
Schwartz [50] notes, any perturbations in the Martian subsurface
due to, for example, habitation or excavation would likely
contaminate materials that could potentially contain biosignatures
of past life on Mars. The basic problem with the conflict between
science goals and Mars settlements, according to Schwartz [50], is
that settlement activities “will produce equivocal observations that
impair researchers' abilities to constrain and understand the
various atmospheric, climatological, hydrological, and geological
processes at play on Mars.”

This suggests rather strongly that the order of precedence of
different Mars missions should be science first since other preceding
activities can deprive us of marvellous scientific findings [50,51].
Thus, for the time being, human impact on the Martian environ-
ment should be kept minimal, in order not to jeopardise valuable
investigations. This of course does not mean that when enough
time has passed and Mars has been rigorously studied in its pristine
condition, that other activities on Mars could not take place. Yet, it
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can be challenging to draw this line; what does it mean for Mars to
be sufficiently scientifically explored?

4.1.2. Long-term survival

Humanity faces many risks that could wipe humans out of ex-
istence, such as pandemics, nuclear apocalypse, extreme climate
change, ecological collapse, rogue artificial superintelligence,
supervolcanic eruption, asteroid or comet impact and other risks
that have not been foreseen yet [61—63]. Thus, a common rationale
for settling Mars is that a settlement in space reduces the risk of
human extinction [63—67]. The idea rests on a simple statistical
fact: it is less likely that an existential catastrophe occurs simulta-
neously on two planets rather than it happening in a single location
at a time.

Protecting humanity is indeed a noble cause and avoiding pre-
mature annihilation is largely considered extremely desirable.
Therefore, if settling Mars helps us to safeguard humanity, it vastly
increases its moral desirability. However, there is much to be said
about this idea and generally, one has to be careful in situations
where an object of evaluation seems to be almost infinitely desir-
able because one can easily be charmed by such arguments. Careful
consideration may show that these hopes are either not realistic or
that there are severe limitations to what can be justified in the
name of such goals.

First, for a Mars settlement to properly work as a hedge against
human extinction, it needs to be sufficiently self-sustaining and
sustainable. Thus, this rationale does not increase the desirability of
settlements that are highly dependent on Earth for their survival, as
are the settlements that are feasible in the foreseeable future (see
Section 3). Albeit it is good to recognise that outposts and medium-
scale settlements are likely necessary steps to one day achieving a
more self-sufficient society on Mars.

Second, some extinction risks can be to some extent correlated
between Earth and Mars. For example, a pandemic, war or mis-
aligned artificial intelligence might affect both [62]. This means that
a Mars settlement does not lower the total risk of human extinction
as much as one might first assume.

Third, building a settlement on Mars is a much more expensive
way to mitigate extinction risks than are some low-hanging fruits
on Earth. These more cost-effective ways could include things like
investment in global catastrophic risk research, efforts to increase
global food security, enhancement of pandemic readiness and
development of asteroid and comet deflect capabilities [62,64].
Also, even after settling space, Earth will quite certainly continue to
be the home for the vast majority of people. Thus, we have good
reasons to avoid catastrophes on Earth in spite of the worries for
humankind's long-term survival. This highlights the crucial point
that settling space should not distract us from efforts to mitigate
global catastrophes on Earth [3].

These three points illustrate the limitations of the long-term
survival argument and consequentially the moral desirability it
can provide for Mars settlement enterprises. Everything said above
does not undermine the case that in the long run space settlements
are probably a good way to safeguard humanity, and thus we
eventually may have a moral obligation to extend human life to
outer space.! However, what it does question is the urgency to
settle Mars. In general, the considered time frames have interesting
implications for desirability since short-term costs can yield great

! Perhaps, we also have a duty to expand life in general to space in face of un-
certainty about the existence of extraterrestrial life. Mars could be one step in this
process. Though, if we want to maximise the longevity of life originating from Earth
then ideal targets would be habitable exoplanets orbiting young stars with long
lifespans [96].
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long-term benefits. On the other hand, spanning the timeframe too
far and wide can obscure some important elements of short-term
considerations like, in our case, the well-being of the first space
settlement inhabitants.

4.1.3. Economic opportunities and resources

Another argument in favour of settling Mars is that a settlement
on Mars provides new economic opportunities, in other words, it
accelerates economic growth (for arguments along these lines,
[67,68]). This idea is sometimes coupled with the hope that we can
mitigate our negative environmental impact on Earth by using re-
sources from space and perhaps even move polluting industries
there [69,70]. Economic opportunities on Mars could include things
like the exploitation of Martian resources, mining of the Main Belt
asteroids and tourism. The basic sentiment is that space is full of
riches that could benefit humankind, and a human presence on
Mars helps us to tap into these goods.

Other things being equal, increasing the well-being of humans
(or any other sentient beings for that matter) is quite obviously
morally desirable. The same applies to limiting the deleterious ef-
fects that humans have on the terrestrial environment. Nonethe-
less, before adding these factors to the moral calculus in favour of
Mars settlements, one has to question if the conquest of Mars can
really provide these benefits. And if it can do so—at what price
would they come?

First, as discussed in Section 4.1.1., the economic exploitation of
Mars can conflict with scientific goals. Furthermore, it is in no way
guaranteed that the economic prospects on Mars will widely
benefit the well-being of humankind as a whole. Instead, it seems
more likely that the benefits are mainly reaped by a relatively small
group of already well-off people—at least as long as we lack proper
distributive legislative frameworks. This setting seems unfair since
the costs of lost scientific opportunities would be bared by all.
Hence, forbearance is called for [50,51]. Also, Persson [71] has
raised a worry that if a settlement is governed by profit-seeking
companies, the civil liberties of the individuals on Mars, such as
freedom to move or assembly, might not be much cared for. Such
concerns decrease the desirability of certain kinds of settlements
for obvious reasons.

Second, Stoner [52] has noted that it will be significantly more
cost-effective to mine the Moon or near-Earth asteroids than Mars.
Thus, the mineral wealth of Mars will not provide an urgent reason
to go there. Moreover, consider the feasibility constraints for Mars
settlements as discussed in Section 3. It seems that economically
viable space settlements that in theory could provide ease to our
environmental predicament, lie many decades if not centuries into
the future. This is evidently too late to provide any help to our
current ecological crisis.

For now, Mars is simply too far away and has too deep of a
gravity well to provide sufficient return for investment when it
comes to space resources. As Cockell [72] notes “[s]pace does not
offer a panacea.” For the moment, we have to learn to live more
sustainably on Earth. This again does not mean that in the long-
term, the economic opportunities on Mars could not provide a good
reason to go there.

4.14. Inspiration

It has been argued that space settlements provide opportunities
to experiment with alternative forms of social order and political
systems [71,73]. Settling Mars has also been advocated on the
grounds that by doing so we avoid societal stagnation. The idea
behind this is that space and more precisely Mars provides a new
frontier, the conquest of which promotes cultural diversity, tech-
nology, and innovation [74]. Even the opportunity for humans to
seek new spiritual insights has been offered as a rationale for space
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settlements [3]. Furthermore, according to Schwartz [51] “[a]
common theme of space advocacy [...] is that spaceflight ought to
be given increased support because it is uniquely educationally
inspiring.” Similar arguments could apply specifically to Mars
missions and the eventual settling of the planet. Thus, it seems that
Mars is a canvas to which we project our dreams and hopes [75].2

Undoubtedly, if Mars settlements provide a rich and strong
source of inspiration that helps us achieve various societal goods,
this increases its desirability. Nevertheless, we have to be cautious
of putting too much weight on these arguments because they may
be ill-founded. For example, Schwartz [76] has criticised the
narrative of avoiding social stagnation through settling the space
frontier. In another paper, they undermine the claim that space-
flight is somehow especially educationally inspiring by showing
that there is no clear evidence that spaceflight spending has a
positive impact on the increased scientific literacy of the public, or
the number of STEM students [77].

However, sometimes even impossible and infeasible proposals
inspire action [78]. Yet, when it comes to social and political
inspiration, Stoner [52] has pointed out that there are many iso-
lated places on Earth that could provide similar inspiration and
fresh opportunities for experiments in living. Any hostile and
remote corner of Earth is still much friendlier to humans than the
surface of Mars. So, if we want to reinvent our way of living, why
not start by settling isolated places on Earth?

4.1.5. Adventure

Settling Mars will undoubtedly be an extraordinary adventure.
The promise of adventure and new frontiers may serve as a strong
motivation for some settlers [3].

Laing and Frost [79] have examined the motivations of space
tourists. Their findings suggest that adventure-seeking and hedonic
thrills are indeed major motivations for people who want to travel
to space. From the key motivations that they found in their data,
many relate to the idea of adventure one way or another, including
thrill-seeking, excitement, risk, freedom/escapism, novelty, curiosity
and challenging oneself. These same motivations would probably
also apply to future Mars settlers. Robert Zubrin [80] seems to echo
such motivations by claiming that “[t]he question of taking on Mars
as an interplanetary goal is not simply one of aerospace accom-
plishment, but one of reaffirming the pioneering character of our
society.”

Arguably, adventure-seeking is not a sufficient reason to go to
Mars since such desires should not be satisfied with grandiose
enterprises, whose economic and moral costs and risks are signif-
icant. Nonetheless, the possible hedonic experiences associated
with adventure, novelty and being part of a pivotal moment in
human history count in favour of the desirability of Mars settle-
ments. That said, the desirability or justification of Mars settle-
ments will likely not form from a single consideration but from a
bundle of reasons. Indeed, if many simply want to go to Mars (or
many want that humanity goes to Mars) because it brings them
things such as meaning, joy and excitement, that may be a part of
the bundle of considerations that make the case for the desirability
of settling the Red Planet.

4.2. Other factors to consider
In addition to the envisioned benefits of Mars settlements, there
are factors that diminish the desirability of settling Mars that we

have not considered yet. Establishing a permanent human presence
on Mars involves many serious risks of great harm. For example, in

2 Arguably, we also project our fears to the Red Planet.
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the literature on the ethics of space settlements, there is a promi-
nent worry about extraterrestrial liberty. Cockell [81,82] argues that
societies in space run the risk of tyranny and totalitarian regimes.
This is because the harsh environment in outer space, as discussed
in Section 3, makes settlers extremely dependent on technologies
for their survival. This in turn creates opportunities for centralised
control, exploitation, tyrannical oversight and authoritarian
governance. This risk must be taken into account in the planning of
deep space missions and the design of settlements. Cockell [83] has
contributed to this effort by suggesting ways how we could mini-
mise the risk of tyranny in space through what they call “freedom
engineering”, including ideas such as decentralisation of vital
technologies and mitigation of coercive surveillance. So, the risk of
totalitarianism is not necessarily devastating. However, if the risk
cannot be adequately minimised, it decreases the moral desirability
of societies of the world.?

The fact that space settlers have to survive in such extreme
conditions also makes it quite likely that the inhabitants in early
settlements will have somewhat limited rights and increased
duties, in general. For example, reproductive rights may have to be
restricted if means and resources to foster offspring are scarce.
Hence, space settlements also raise bioethical issues (on space
missions and bioethics, see e.g. the study by Szocik [84], Szocik and
Reiss [85] and Huttunen and Sivula [86]). Interestingly, reproduc-
tion on Mars also raises intergenerational issues which are another
set of worries related to space settlements. For example, what if the
chances for a good life are not great for new-born Martians? Or
what if future generations on Mars cannot migrate to Earth because
their bodies have adapted to the lower gravity of the Red Planet and
there are no technical means to overcome this? Would it still be
morally justified to reproduce on Mars (on the ethics of repro-
duction in space, see e.g. the study by Balistreri and Umbrello [87])?

An additional bundle of concerns is related to environmental
issues. If local microorganisms live on Mars, human explorers could
impose a contamination risk on them as discussed in Section 4.1.1.
This is a problem if one assigns moral status to extraterrestrial
microbes or wants to protect them for some other reason [88—91].
Even if Mars is lifeless, some argue that we should protect the
Martian environment in its pristine state (at least to some extent).
The motivation for this may be varied ranging from ideas that Mars
as a planet has moral standing, to the claim that Martian wilderness
is valuable to the extent it should be protected, or that Mars or
some sites there have formed integrity and beauty that should be
respected (for an overview see the study by Persson [92]). As a
solution to this, as a sort of compromise, some [68,93] have sug-
gested leaving certain parts of Mars in their pristine condition
while settling others. Finally, related to environmental concerns,
there is a worry that if space traffic becomes large in volume it
could have detrimental effects on Earth's environment. Frequent
space launches could affect especially ozone depletion, climate
change and ecosystem toxicity negatively [94].

Also, some of the feasibility constraints discussed above make it
less likely that a permanent settlement could guarantee life-
support for all of its denizens. Schwartz [95] has argued that we
should not establish space settlements that cannot guarantee such
basic rights as water or breathable air, and that political philo-
sophical considerations about space settlements should be more
demanding rather than lenient because of them being burdened by
demanding environments. This demandingness can decrease the
desirability of permanent settlements.

3 Unfortunately, it may increase the subjective desirability for some actors.
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All of these worries, considered in this section, if not accounted
for to an adequate extent, decrease the moral desirability of
establishing a permanent human presence on Mars.

5. Discussion

None of the feasibility constraints discussed in Section 3 seems
to be hard constraints. In other words, it seems possible to establish
a settlement of some sort on Mars in the medium-term future.
However, even if something is possible (in theory) it does not mean
that it will likely be achieved or that it could be achieved without
massive costs. Therefore, identifying that Mars settlement is
possible in the binary sense is not very interesting.* Instead, it is
more relevant to discuss the feasibility of Mars settlements in a
scalar sense in relation to soft constraints. As we have discussed,
there are some extreme difficulties involved. They may be over-
come but likely it would be costly (at least in the near future). As for
immense costs, they need to be justified. Such justification can be
searched for from the moral desirability of Mars settlements.

If the desirability of establishing a Mars settlement is particu-
larly high, there may be reasons to find ways for trying to make it
more feasible. For instance, the extremely high desirability of
lowering the risk of human extinction can give action-guiding
reasons for seeking out ways to overcome even hard constraints,
not to mention the more easily malleable soft constraints. On the
other hand, if establishing a Mars settlement is highly infeasible, it
can also lower its overall desirability. There may be costs people are
not willing to pay or risks that make such plans unpalatable. In this
way, feasibility considerations can be factored into the overall
desirability of some outcome. Thus, feasibility and desirability can
affect each other.

Feasibility constraints are always assessed in a context. As
Lawford-Smith [21] notes, they are time-sensitive and agent-
relative. To determine the relevant context for evaluating a Mars
settlement, we have suggested a framework with three variables:
settlement stage, scale of settlement, and time frame. The frame-
work we chose for discussion is a pre-settlement stage for a set-
tlement in the near to medium-term future. The feasibility
constraints we have discussed pertain primarily to this chosen
framework, although similar constraints can be relevant for others.
In Section 4, we discussed the moral desirability of Mars settle-
ments by examining reasons to settle Mars. These reasons must
also be given in a context and thus match the chosen combination
of the framework variables.

Some desirability factors can be achieved in various frameworks.
For example, science can be conducted on all settlement scales.
Thus, an outpost, a larger settlement and a self-sufficient society
can all enjoy the moral desirability from science. Yet, if a smaller-
scale settlement is sufficient for achieving scientific goals, it may
be an overreach to use the desirability of science to justify anything
larger than an outpost. A larger-scale settlement would then
require additional justification. Hence, the desirability from science
does not automatically translate to all scales.

The list of framework variables discussed in this paper is not
exhaustive. For instance, the level of automatisation or robotisation
could add an interesting layer of considerations; if the economic or
scientific desirability factor could be achieved with robots and
could be entirely automated, there would not be a need to send
humans into space. Thus, robots could be sufficient for achieving

4 Lawford-Smith [21] points out that “We can admit that an action is really hard
for an agent but still insist (a) that it is feasible for him, in the binary sense that it is
one of his options, and (b) that what is interesting for scalar feasibility is only the
extent to which that action is likely to produce the outcome.”

Space Policy xxx (Xxxx) Xxx

these benefits, and thus taking on the feasibility constraints of
sending out humans could not be justified. Although, changing the
framework by adding extensive robotisation would again change
the feasibility constraints.

Furthermore, some desirability factors are only achievable in
certain frameworks. For instance, the desirability from humanity's
long-term survival is arguably only achievable in an adequately
self-sufficient society, since outposts or settlements that are highly
dependent on Earth for their survival would not significantly lower
the risk of human extinction. So, achieving this settlement scale is
necessary for realising the desirability from long-term survival. In
this case, the burden of overcoming the soft feasibility constraints
of a settlement cannot be justified on the desirability of survival
alone, as it remains underwhelming towards achieving that goal.

However, one can argue that the settlement is a necessary step
for achieving the next settlement scale. Thus, the desirability of
survival can indirectly, or by extension, justify the settlement if the
ultimate goal is a self-sufficient society. However, this argumenta-
tive move comes with the cost of changing frameworks, which
means that the survival desirability factor must be balanced out
with the new set of feasibility constraints involved in the society
scale. Also, if the goal is to establish only a small settlement and not
anything of a larger scale, survival cannot be used to justify its costs.

Note that this same dynamic applies to time frames. For
example, if one argues that we should settle Mars and utilise space
resources in order to alleviate our current ecological crisis, it is
necessary to stay in the time scale of near or medium term. Such a
desirability factor cannot be cashed out if space activities that take
pressure from Earth's environment are only feasible in the very
long term.

So, not all desirability factors are applicable to all cases. One
must be careful to acknowledge the sufficiency and necessity of
certain framework variables for different desirability factors.
Otherwise, one risks overreaching or underwhelming the desir-
ability factors. This demonstrates the importance of identifying the
relevant framework for discussion. Feasibility and desirability as-
sessments always occur in some framework, and not being clear on
the framework can lead to conflation, confusion, and in the worst
case hasty decision-making. When performed correctly, feasibility
and desirability assessment is an important analysis and policy tool.
Merely claiming that something is possible does not mean that it is
feasible, at least not in the scalar sense. On the other hand, iden-
tifying the relevant desirability factors is equally crucial, as human
history knows many cases where seemingly infeasible outcomes
were pursued and achieved because of their extremely high
desirability. Thus, the technological question about settling Mars
should be accompanied by normative considerations: why should
we ever do it?

Interestingly, the extreme difficulty of setting up a sustainable
settlement on Mars portrays to us the value of the unique “plane-
tary services” that are available to us on planet Earth. These include
gravity, tectonic activity and volcanism which serve to move the
volatiles between the atmosphere and the deep mantle, the
magnetosphere that blocks heavy ionic radiation, and the atmo-
sphere that blocks hard UV-radiation from the sun and attenuates
the harsh temperature variations. All of this allows the Earth to
maintain liquid water on the surface and has made possible the
development of complex ecosystems.

Our efforts to set up habitable conditions on Mars also provide
us valuable insight into our dependence and adaptation to our
familiar terrestrial conditions, for instance to the gravity and at-
mosphere of this planet. We are also dependent on the complex
ecosystems that provide various “ecosystem services” such as food
chains, carbon cycles, degradation of organics and pollinators that
facilitate our food production and livelihood. The natural terrestrial
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resources (in their part) facilitate the industrial lifestyle, and the
wide and varied societies facilitate the cultures, education, ex-
change economy, and social care of its members. These rich
ecological, social, cultural and economic networks are arguably
preconditions for good life and thus it is important to ask can they
ever be extended to Mars?

6. Concluding remarks

This paper had two aims. The first was to provide a framework
for future discussion on space settlement that ensures that the
discussants are engaging in the same discussion. The second was to
show how feasibility and desirability assessments of space settle-
ment are interlinked and can provide useful tools for analysing the
justifiability of different space settlement scenarios. The guiding
question was how to discuss in a meaningful and constructive way
whether we should establish space settlements. We suggest that
the ‘should’ is comprised of two components: feasibility (‘could
we?’) and moral desirability (‘is it morally desirable?’).

First, we suggested a framework for the space settlement dis-
cussion. It ultimately has two functions. The first is practical, as the
framework ensures everyone is participating in the same discus-
sion. This seems simple, but the risk of conflating different frame-
work variables like space settlement stages, scales, and time frames
is evident. The second function is more theoretical. Each framework
contains a unique set of feasibility constraints, and not all frame-
work variables are necessary or sufficient for all desirability factors.
Without identifying the relevant framework one can underwhelm
or overreach desirability factors when trying to justify the costs of
overcoming some of the feasibility constraints.

Then we examined the concept of feasibility and identified some
of the key feasibility constraints for a Mars settlement in our chosen
framework, that is, a pre-settlement stage plan for a Mars settle-
ment in the near- to medium-term future. We concluded that none
of the identified feasibility constraints count as hard constraints,
that is, none of them make Mars settlement plans impossible, but
there are serious soft constraints that make Mars settlement plans
extremely costly and difficult to achieve.

Finally, we discussed five different rationales for settling Mars.
All of them—except the moral desirability from science—face at
least some severe limitations. Because of these limitations, the
moral desirability of settling Mars is more questionable than what
is often assumed. When this insight is coupled with the feasibility-
related challenges, the justification of a permanent settlement on
Mars in the coming decades becomes unconvincing.

Author contributions
Mikko M. Puumala: conceptualization; investigation; writing;
editing. Oskari Sivula: conceptualization; investigation; writing;

editing. Kirsi Lehto: conceptualization; investigation; writing;
editing.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

10

Space Policy xxx (Xxxx) Xxx
Acknowledgements

We are greatly thankful to Erik Persson for valuable discussion,
comments, and suggestions. We would also like to thank all the
participants of the Philosophy and Outer Space Seminar 2023 at the
University of Turku for helpful discussion. Oskari Sivula also thanks
Maj and Tor Nessling Foundation for financial support.

References

[1] K. Szocik, Human Place in the Outer Space: Skeptical Remarks, in: K. Szocik
(Ed.), The Human Factor in a Mission to Mars, Springer, 2019, pp. 233—252.
D. Deudney, Dark Skies: Space Expansionism, Planetary Geopolitics, and the
Ends of Humanity, Oxford University Press, 2020.

J.SJ. Schwartz, J. Traphagan, S.W. Jensen, et al., What do we need to ask before
settling space, J. Br. Interplanet. Soc. 74 (2021) 2—9.

G. Kminek, C. Conley, V. Hipkin, et al., COSPAR's planetary protection policy,
Space Res. Today 200 (2017) 12—25.

A.G. Fairén, V. Parro, D. Schulze-Makuch, et al., Searching for life on Mars
before it is too late, Astrobiology 17 (2017) 962—970.

N. Cabrol, Tracing a modern biosphere on Mars, Nat. Astron. 5 (2021)
210-212.

J. Spacek, S.A. Benner, Agnostic Life Finder (ALF) for large-scale screening of
Martian life during in situ refueling, Astrobiology 22 (2022), https://doi.org/
10.1089/ast.2021.0070. Published Online: 3 Oct 2022.

D. Rapp, Human Missions to Mars. Enabling Technologies for Exploring the
Red Planet, Springer, 2023.
https://www.nasa.gov/sites/default/files/atoms/files/artemis_plan-20200921.
pdf.

E. Musk, Making humans a multi-planetary species, New Space 5 (2) (2017),
https://doi.org/10.1089/space.2017.29009.emu. Published Online: 1 Jun 2017.
[11] E. Musk, Making life multi-planetary, New Space 6 (2018) 2—11.

[12] ]J.L. Heldmann, et al., Mission architecture using the SpaceX starship vehicle to
enable a sustained human presence on Mars, New Space 10 (3) (2022)
259-273, https://doi.org/10.1089/space.2020.0058.

Y. Fu, et al., How to establish a bioregenerative life support system for long-
term crewed missions to the Moon or Mars, Astrobiology 16 (2016)
925-936, https://doi.org/10.1089/ast.2016.1477.

C. Verseux, M. Baqué, K. Lehto, et al., Sustainable life support on Mars — the
potential roles of cyanobacteria, Int. J. Astrobiol. 15 (1) (2016) 65—92, https://
doi.org/10.1017/S147355041500021X.

D.L. Linne, et al., Overview of NASA technology development for in-situ
resource utilization (ISRU), in: Int. Astron. Congress. No. GRC-E-DAA-
TN46532, 2017.

S.0. Starr, A.C. Muscatello, Mars in situ resource utilization: a review, Planet.
Space Sci. 182 (2020), https://doi.org/10.1016/j.pss.2019.104824.

R.E. Goodin, P. Pettit, T.W. Pogge, A Companion to Contemporary Political
Philosophy, second ed., Blackwell, Malden, Mass, 2007.

G.J. Bass, Jus Post Bellum, Philos. Public Aff. 32 (4) (2004) 384—412.

P. Janhunen, Terraforming the dwarf planet: interconnected and growable
Ceres megasatellite world, J. Br. Interplanet. Soc. 74 (6) (2021) 212—222.

P. Gilabert, H. Lawford-Smith, Political feasibility: a conceptual exploration,
Polit. Stud. 60 (4) (2012) 809-825, https://doi.org/10.1111/j.1467-
9248.2011.00936.x.

H. Lawford-Smith, Understanding political feasibility, J. Polit. Philos. 21 (3)
(2013) 243—-259.

T.G. Roberts, Space Launch to Low Earth Orbit: How Much Does it Cost?.
https://aerospace.csis.org/data/space-launch-to-low-earth-orbit-how-much-
does-it-cost/. (Accessed 1 September 2022).

C.ML.E. Utrilla, C. Welch, Development roadmap and business case for a private
Mars settlement, New Space 5 (3) (2017). IAC-16-E6.1.1.

NASA, Life Support Systems | NASA. https://www.nasa.gov/content/life-
support-systems. (Accessed 3 August 2017).

NASA. https://mars.nasa.gov/mars2020/spacecraft/rover/communications/.
NASA, Image Gallery: Perseverance Rover - NASA Mars. https://mars.nasa.gov/
mars2020/multimedia/images|/.

C.S. Cockell, et al., The ultraviolet environment of Mars: biological implica-
tions past, present, and future, Icarus 146 (2000) 343—359.

K. Amini, et al.,, Design of a set of habitat units and the corresponding sur-
rounding cluster for long-term scientific missions in the pre-terraforming era
on mars, Icarus 385 (2022) 115119.

D. Hassler, et al., Mars surface radiation environment measured with the Mars
Science Laboratory's Curiosity Rover, Science 343 (6169) (2014) 1244797,
https://doi.org/10.1126/science.1244797.

C. Heinicke, M. Arnhof, A review of existing analog habitats and lessons for
future lunar and Martian habitats, REACH 21—-22 (2021) 100038.

L. Rostel, et al., Subsurface radiation environment of Mars and its implication
for shielding protection of future habitats, J. Geophys. Res.: Planets 125 (2020)
e2019JE006246, https://doi.org/10.1029/2019JE006246.

12
[31
[4
[51
6

(7

(8

[9

[10]

[13]

[14]

[15]

[16]
[17]

[18]
[19]

(20]

[21]

[22]

[23]
[24]

[25]
(26]

[27]

(28]

[29]

(30]

[31]


http://refhub.elsevier.com/S0265-9646(23)00057-7/sref1
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref1
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref1
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref2
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref2
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref3
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref3
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref3
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref4
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref4
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref4
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref5
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref5
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref5
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref5
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref6
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref6
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref6
https://doi.org/10.1089/ast.2021.0070
https://doi.org/10.1089/ast.2021.0070
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref8
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref8
https://www.nasa.gov/sites/default/files/atoms/files/artemis_plan-20200921.pdf
https://www.nasa.gov/sites/default/files/atoms/files/artemis_plan-20200921.pdf
https://doi.org/10.1089/space.2017.29009.emu
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref11
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref11
https://doi.org/10.1089/space.2020.0058
https://doi.org/10.1089/ast.2016.1477
https://doi.org/10.1017/S147355041500021X
https://doi.org/10.1017/S147355041500021X
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref15
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref15
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref15
https://doi.org/10.1016/j.pss.2019.104824
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref17
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref17
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref18
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref18
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref19
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref19
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref19
https://doi.org/10.1111/j.1467-9248.2011.00936.x
https://doi.org/10.1111/j.1467-9248.2011.00936.x
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref21
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref21
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref21
https://aerospace.csis.org/data/space-launch-to-low-earth-orbit-how-much-does-it-cost/
https://aerospace.csis.org/data/space-launch-to-low-earth-orbit-how-much-does-it-cost/
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref23
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref23
https://www.nasa.gov/content/life-support-systems
https://www.nasa.gov/content/life-support-systems
https://mars.nasa.gov/mars2020/spacecraft/rover/communications/
https://mars.nasa.gov/mars2020/multimedia/images/
https://mars.nasa.gov/mars2020/multimedia/images/
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref27
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref27
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref27
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref28
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref28
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref28
https://doi.org/10.1126/science.1244797
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref30
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref30
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref30
https://doi.org/10.1029/2019JE006246

M.M. Puumala, O. Sivula and K. Lehto

[32]

[33]
[34]
[35]
[36]

1371

[38]

(39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]
[50]
[51]
[52]

[53]

[54]
[55]
[56]
[57]

[58]

[59]

[60]
[61]

[62]

S. Piqueux, et al., Widespread shallow water ice on mars at high latitudes and
midlatitudes, Geophys. Res. Lett. 46 (2019) 14290—14298, https://doi.org/
10.1029/2019GL083947.

W. Boynton, et al., Distribution of hydrogen in the near surface of Mars: ev-
idence of subsurface ice deposits, Science 297 (2002) 81—85.

M. Vincedon, et al., Near-tropical subsurface ice on Mars, Geophys. Res. Lett.
37 (1) (2010) LO1202, https://doi.org/10.1029/2009GL041426.

M.H. Carr, J.W. Head, Martian surface/near-surface water inventory: sources,
sinks, and changes with time, Geophys. Res. Lett. 42 (2015) 726—732.

C.M. Dundas, et al., Exposed subsurface ice sheets in the Martian mid-lati-
tudes, Science 359 (2018) 199—201.

R. Orosei, et al., Radar evidence of subglacial liquid water on Mars, Doi:
10.1126/science.aar7268,  Science  (2018),  https://doi.org/10.48550/
arXiv.2004.04587.

B. Mellerowicz, et al., RedWater: Water Mining System for Mars, New Space
(2022) 166—186, https://doi.org/10.1089/space.2021.0057.

G. Horneck, et al., HUMEX. A study on the survivability and adaptation of
humans to long-duration exploratory missions, European Space Agency
(2003) 1—192. ISSN 0379-6566.

M.H. Hecht, et al., Detection of perchlorate and the soluble chemistry of
martian soil at the Phoenix lander site, Science 325 (5936) (2009) 64—67,
https://doi.org/10.1126/science.1172466.

C.D. Georgiou, et al.,, Radiation-driven formation of reactive oxygen species in
oxychlorine-containing Mars surface analogues, Astrobiology 17 (2017)
319-336, https://doi.org/10.1089/ast.2016.1539.

M.H. Perchonok, M.R. Cooper, P.M. Catauro, Mission to Mars: food production
and processing for the final frontier, Annu. Rev. Food Sci. Technol. 3 (2011)
311-330, https://doi.org/10.1146/annurev-food-022811-101222.

R.M. Wheeler, Horticulture for Mars, Acta Hortic. 642 (2004) 201-215,
https://doi.org/10.17660/ActaHortic.2004.642.22.

K.M. Cannon, D.T. Britt, Feeding one million people on Mars, New Space 4
(2019) 245—254, https://doi.org/10.1089/space.2019.0018.

P. Kasiviswanathan, E.D. Swanner, L.J. Halverson, P. Vijayapalani, Farming on
Mars: treatment of basaltic regolith soil and briny water simulants sustains
plant growth, PLoS One 17 (8) (2022) e0272209, https://doi.org/10.1371/
journal.pone.0272209.

P. Clauwaert, et al., Nitrogen cycling in bioregenerative life support systems:
challenges for waste refinery and food production processes, Prog. Aerosp. Sci.
91 (2017) 87-98, https://doi.org/10.1016/].PAEROSCI.2017.04.002. ISSN
0376-0421, https://hdl.handle.net/10067/1489960151162165141.

M. Roser, H. Ritchie, P. Rosado, Food Supply, 2013. Published online at,
OurWorldInData.org, https://ourworldindata.org/food-supply [Online
Resource].

H. Ritchie, M. Roser M. P. Rosado, Crop Yields. Published online at
OurWorldInData.org. https://ourworldindata.org/crop-yields’' [Online
Resource], see also https://ourworldindata.org/grapher/potato-yields, https://
ourworldindata.org/grapher/tomato-yields (2022).

G. Brennan, Feasibility in optimizing ethics, Soc. Philos. Policy 30 (1—-2) (2013)
314-329.

J.S.J. Schwartz, Mars: science before settlement, Theol. Sci. 17 (3) (2019)
324-331.

J.SJ. Schwartz, The Value of Science in Space Exploration, Oxford University
Press, Oxford, 2020.

I. Stoner, Humans should not colonize Mars, J. Am. Philos. Assoc. 3 (3) (2017)
334-353.

C.S. Cockell, Trajectories of martian habitability, Astrobiology 14 (2) (2014)
182—203, https://doi.org/10.1089/ast.2013.1106. Epub 2014/02/07. PubMed
Central PMCID: PMC3929387.

H.C. Changela, et al., Mars: new insights and unresolved questions, Int. J.
Astrobiol. 20 (2022) 394—426, https://doi.org/10.1017/S1473550421000276.
L.A. Crawford, The long-term scientific benefits of a space economy, Space
Policy 37 (2016) 58—61.

.A. Crawford, Dispelling the myth of robotic efficiency, Astron. Geophys. 53
(2) (2012) 2—22.

C.S. Cockell, The value of humans in the biological exploration of space, Earth
Moon Planets 94 (3) (2004) 233—243.

C. Munevar, Science and ethics in the exploration of Mars, in: K. Szocik (Ed.),
The Human Factor in a Mission to Mars. An Interdisciplinary Approach,
Springer, 2019, pp. 185—200. ISBN (2019) 978-3-030-02058-3.

NASA Interim Directive, Biological Planetary Protection for Human Missions to
Mars [NID 8715.129], NASA, Washington, DC, 2020. Available online at,
https://nodis3.gsfc.nasa.gov/OPD_docs/NID_8715_129_.pdf.

C.A. Conley, I.D. Rummel, Planetary protection for human exploration of Mars,
Acta Astronaut. 66 (5—6) (2010) 792—797.

J. Leslie, The End of the World: the Science and Ethics of Human Extinction,
Routledge, London, 1996.

T. Ord, The Precipice: Existential Risk and the Future of Humanity, Blooms-
bury Publishing, London, 2020.

1

[63]

[64]

[65]

[66]
(67]

[68]

[69]

[70]

(71]
[72]
(73]
[74]

[75]
[76]

(771
[78]

(791

[80]
(81]
[82]

(83]

[84]

(85]

[86]

(87]

(88]
(89]

[90]

[91]
[92]
(93]
[94]

[95]

[96]

Space Policy xxx (XXxX) XxX

M. Rees, Our Final Hour: A Scientist's Warning: How Terror, Error, and
Environmental Disaster Threaten Humankind's Future in This Century—On
Earth and Beyond, Basic Books, New York, 2003.

S.D. Baum, Cost—benefit analysis of space exploration: some ethical consid-
erations, Space Policy 25 (2) (2009) 75—80.

B.P. Green, Self-preservation should be humankind's first ethical priority and
therefore rapid space settlement is necessary, Futures 110 (2019)
35-37.

G. Munevar, Space exploration and human survival, Space Policy 30 (4) (2014)
197-201.

G. Munevar, An obligation to colonize outer space, Futures 110 (2019)
38—40.

T. Milligan, M. Elvis, Mars environmental protection: an application of the 1/8
principle, in: Konrad Szocik (Ed.), The Human Factor in a Mission to Mars: an
Interdisciplinary Approach, Springer, 2019, pp. 167—186.

L.A. Cooper, Encouraging space exploration through a new application of
space property rights, Space Policy 19 (2) (2003) 111-118.

K. Szocik, MJ. Reiss, Why space exploitation may provide sustainable devel-
opment: climate ethics and the human future as a multi-planetary species,
Futures (2023), https://doi.org/10.1016/j.futures.2023.103110.

E. Persson, Citizens of Mars Ltd, in: Charles S. Cockell (Ed.), Human Gover-
nance Beyond Earth, Springer, 2015, pp. 121-137.

C.S. Cockell, Space on Earth: Saving Our World by Seeking Others, Palgrave
Macmillan, London, 2007.

W.K. Hartmann, Space exploration and environmental issues, Environ. Ethics
6 (1984) 227-239.

R. Zubrin, The Case for Space: How the Revolution in Spaceflight Opens up a
Future of Limitless Possibility, Prometheus Books, Amherst, Amherst, 2019.
R. Markley, Dying Planet, Duke University Press, 2005.

J.S.J. Schwartz, Myth-free space advocacy part II: the myth of the space
frontier, Astropolitics 15 (2) (2017) 167—184.

J.SJ. Schwartz, Myth-free space advocacy part III: the myth of educational
inspiration, Space Policy 43 (2018) 24—32.

J. Raikka, The feasibility condition in political theory, ]J. Polit. Philos. 6 (1)
(1998) 27—40.

J. Laing, W. Frost, Exploring motivations of potential space tourists, in:
E. Cohen, S. Spector (Eds.), Space Tourism: the Elusive Dream, Emerald Pub-
lishing, Bingley, West Yorkshire, 2019, pp. 141-161.

R. Zubrin, The Case for Mars: the Plan to Settle the Red Planet and Why We
Must, Free Press, New York, 2021.

C.S. Cockell, An essay on extraterrestrial liberty, J. Br. Interplanet. Soc. 61 (7)
(2008) 255.

CS. Cockell (Ed.), Human Governance Beyond Earth: Implications for
Freedom, Springer, 2015.

C.S. Cockell, Freedom engineering — using engineering to mitigate tyranny in
space, Space Policy 49 (2019) 101328, https://doi.org/10.1016/
j.spacepol.2019.07.002.

K. Szocik, Space bioethics: why we need it and why it should be a feminist
space bioethics, Bioethics 35 (2) (2021) 187—191.

K. Szocik, M.]. Reiss, The final frontier: what is distinctive about the bioethics
of space missions? The cases of human enhancement and human reproduc-
tion, Monash Bioeth. Rev. (2021) 1-16.

H. Huttunen, Moral adherence enhancement and the case of long-distance
space missions, Technology in Society 74 (2023) 102278, https://doi.org/
10.1016/j.techsoc.2023.102278.

M. Balistreri, S. Umbrello, Should the colonisation of space be based on
reproduction? Critical considerations on the choice of having a child in space,
J. Resp. Technol. 11 (2022) 100040.

M. Lupisella, The rights of Martians, Space Policy 13 (2) (1997) 89—94.

C.S. Cockell, Planetary protection—a microbial ethics approach, Space Policy
21 (4) (2005) 287—292.

C. Smith, The curious case of the Martian microbes: Mariomania, intrinsic
value and the prime directive, in: J.S.J. Schwartz, T. Milligan (Eds.), The Ethics
of Space Exploration, Springer, Cham, 2016, pp. 195—208.

E. Persson, The moral status of extraterrestrial life, Astrobiology 12 (10)
(2012) 976—984.

E. Persson, Ethics for an uninhabited planet, in: K. Szocik (Ed.), The Human
Factor in a Mission to Mars, Springer, Cham, 2019, pp. 201—-216.

C. Cockell, G. Horneck, A Planetary Park system for Mars, Space Policy 20 (4)
(2004) 291—-295, https://doi.org/10.1016/j.spacepol.2004.08.003.

J.A. Dallas, et al., The environmental impact of emissions from space launches:
a comprehensive review, J. Clean. Prod. 255 (2020) 120209.

J.SJ. Schwartz, Justice in space: demanding political philosophy for
demanding environments, in: C.S. Cockell (Ed.), The Institutions of Extrater-
restrial Liberty, Oxford University Press, Oxford, 2022, pp. 411—-422.

0. Sivula, The cosmic significance of directed panspermia: should humanity
spread life to other solar systems? Utilitas 34 (2) (2022) 178—194, https://
doi.org/10.1017/S095382082100042X.


https://doi.org/10.1029/2019GL083947
https://doi.org/10.1029/2019GL083947
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref33
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref33
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref33
https://doi.org/10.1029/2009GL041426
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref35
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref35
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref35
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref36
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref36
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref36
https://doi.org/10.48550/arXiv.2004.04587
https://doi.org/10.48550/arXiv.2004.04587
https://doi.org/10.1089/space.2021.0057
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref39
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref39
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref39
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref39
https://doi.org/10.1126/science.1172466
https://doi.org/10.1089/ast.2016.1539
https://doi.org/10.1146/annurev-food-022811-101222
https://doi.org/10.17660/ActaHortic.2004.642.22
https://doi.org/10.1089/space.2019.0018
https://doi.org/10.1371/journal.pone.0272209
https://doi.org/10.1371/journal.pone.0272209
https://doi.org/10.1016/J.PAEROSCI.2017.04.002
https://hdl.handle.net/10067/1489960151162165141
http://OurWorldInData.org
https://ourworldindata.org/food-supply
http://OurWorldInData.org
https://ourworldindata.org/crop-yields
https://ourworldindata.org/grapher/potato-yields
https://ourworldindata.org/grapher/tomato-yields
https://ourworldindata.org/grapher/tomato-yields
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref49
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref49
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref49
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref49
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref50
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref50
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref50
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref51
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref51
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref52
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref52
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref52
https://doi.org/10.1089/ast.2013.1106
https://doi.org/10.1017/S1473550421000276
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref55
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref55
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref55
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref56
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref56
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref56
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref57
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref57
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref57
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref58
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref58
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref58
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref58
https://nodis3.gsfc.nasa.gov/OPD_docs/NID_8715_129_.pdf
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref60
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref60
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref60
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref60
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref61
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref61
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref62
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref62
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref63
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref63
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref63
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref63
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref64
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref64
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref64
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref64
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref65
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref65
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref65
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref65
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref66
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref66
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref66
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref67
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref67
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref67
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref68
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref68
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref68
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref68
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref69
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref69
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref69
https://doi.org/10.1016/j.futures.2023.103110
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref71
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref71
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref71
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref72
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref72
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref73
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref73
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref73
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref74
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref74
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref75
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref76
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref76
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref76
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref77
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref77
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref77
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref78
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref78
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref78
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref78
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref78
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref79
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref79
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref79
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref79
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref80
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref80
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref81
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref81
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref82
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref82
https://doi.org/10.1016/j.spacepol.2019.07.002
https://doi.org/10.1016/j.spacepol.2019.07.002
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref84
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref84
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref84
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref85
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref85
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref85
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref85
https://doi.org/10.1016/j.techsoc.2023.102278
https://doi.org/10.1016/j.techsoc.2023.102278
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref86
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref86
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref86
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref87
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref87
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref88
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref88
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref88
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref88
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref89
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref89
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref89
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref89
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref90
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref90
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref90
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref91
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref91
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref91
https://doi.org/10.1016/j.spacepol.2004.08.003
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref93
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref93
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref94
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref94
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref94
http://refhub.elsevier.com/S0265-9646(23)00057-7/sref94
https://doi.org/10.1017/S095382082100042X
https://doi.org/10.1017/S095382082100042X

	Moving to Mars: The Feasibility and Desirability of Mars Settlements
	1. Introduction
	2. Framing the issue
	3. Feasibility
	3.1. Feasibility constraints for Mars settlements
	3.1.1. Cost of the missions
	3.1.2. Survival on Mars
	3.1.3. Habitats
	3.1.4. Water
	3.1.5. In situ resources for food, oxygen and fuel
	3.1.6. Energy
	3.1.7. Support flights from the Earth

	3.2. Overview of the infrastructure

	4. Moral desirability
	4.1. What makes Mars settlements desirable?
	4.1.1. Science
	4.1.2. Long-term survival
	4.1.3. Economic opportunities and resources
	4.1.4. Inspiration
	4.1.5. Adventure

	4.2. Other factors to consider

	5. Discussion
	6. Concluding remarks
	Author contributions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


